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ABSTRACT 
 
The syntheses of porous composite sphere materials are described, which are 
possible reusable inert matrices for the transmutation of long-lived radionuclides, or 
production of nuclear medicines. The spheres were produced by the high temperature 
(1350 °C) carbothermal reduction of Zr-doped polymer templates. Introduction of Zr 
was accomplished using several different synthetic strategies; including, infiltration 
of polyacrylonitrile (PAN) spheres; co-precipitation with PAN; and cation- and 
anion-exchange of functionalised polystyrene-divinylbenzene (PS-DVB) resins. The 
materials were extensively characterised. Typically, the carbothermal reduction 
products contained varying proportions of ZrC and ZrO2 polymorphs. In the case of 
S-rich cation-exchanged resins, the MAX phase carbide Zr2SC was formed instead. 
While the materials’ carbon frameworks inherited the basic pore structure of the 
polymer sphere templates, evolution of a secondary porosity as result of reactive 
carbon removal was often observed; in the case of PS-DVB–based materials, 
sometimes yielding surface areas in excess of 600 m
2
 g
−1
. The various porous 
carbide-containing materials showed affinity for oxospecies-forming elements, 
including Mo, U, As, Se, P, Re and W. An electrostatic adsorption mechanism was 
proposed. Due to their hierarchically porous and granular natures, the new materials 
are potentially well-suited to column chromatography and facile, dust-free 
processing of radionuclides. Adsorption and desorption processes offer routes to the 
introduction of target species and the removal of products from the porous irradiation 
matrices; and may facilitate their recycle, producing less solid waste. However, the 
thermal stabilities of the carbide phases in air remain a concern, as the processes of 
oxidation and/or dissolution of O into the carbide crystal lattices, proceed from as 
low as 250–300 °C, which is in some cases, much lower than the bulk phase variants. 
Although the materials’ prospects are good, actual irradiation studies are advised to 
confirm radiation tolerance and the influence of fission- and radioactive decay-based 
heat loads on the spherical targets. 
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1 INTRODUCTION 
 
 Nuclear fuel cycles 1.1
 
There are two theorised nuclear fuel cycles; one based on Th-U and the other based 
on U-Pu. The Th-U fuel cycle uses fertile 
232
Th as the source material for the 
creation of fissile 
233
U by neutron irradiation. While it is not yet widely-practiced, the 
Th-U fuel cycle may become very important in future; because it produces much less 
waste, especially transuranics; is more accident resistant; less suitable for the 
manufacture of nuclear weapons; and its fuel source (Th) is abundant [1]. In contrast, 
the near-universal U-Pu fuel cycle is based on the fission of 
235
U. Fission products 
(FPs) are generated by this process, as well as fissile transuranics (Np, Pu, Am and 
Cm), the latter which are produced by stepwise neutron capture and beta decay 
reactions involving fertile isotopes such as 
238
U [2]. In this thesis, we will limit our 
discussion henceforth to the U-Pu fuel cycle.  
Table 1.1 lists the contributions of various waste components to the 
radioactivity of vitrified High Level Waste for storage times of up to 500 years. Most 
FPs are very short-lived and can be readily decayed by short-term storage. Notable 
exceptions are the isotopes of Cs and Sr, some of which are highly-radioactive and 
contribute significantly to the intermediate term radioactivity. The actinides, 
including the so-called Minor Actinide (MA) elements, Np, Am and Cm; and a small 
number of long-lived FPs, such as 
99
Tc; are predominantly responsible for the 
radioactivity over what might best be described as geological timescales [3]. 
There are several approaches to use of nuclear fuel resources. First, in the 
“once-through” approach (completely open cycle), nuclear fuel elements are burnt 
(fissioned) and then disposed as waste without any further attempt at recovery of 
unused fuel or other fissionable transuranics. Some unused U and fissile by-products 
such as Pu and MAs, remain. It is commonly recognised that in this single-use 
strategy, only about 5% of the energy content of the fuel is exploited [4]. Second, in 
conventional nuclear fuel reprocessing (partially-closed cycle), U and Pu are both 
recovered and reconstituted into mixed oxide fuel (MOX). Reprocessing entails the 
separation of U and Pu from FPs; from the MAs; and each other. It has been 
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estimated that this practice equates to a 35–40% saving in U resources [5]. Although 
this is a marked improvement in efficiency upon once-through, the production of 
ever-increasing volumes of radioactive waste, places a large burden on today’s and 
tomorrow’s societies, both economically and environmentally. The third approach is 
what much research in the past decades has strived to achieve, that is, a completely 
closed fuel cycle, encompassing the total recycle of all fissile actinides as fuel, thus 
minimising as far as possible, the output of radioactive waste [2].  
The Generation IV International Forum is one initiative seeking to close the 
Fuel Cycle by addressing all aspects of fuel fabrication, burn-up, reprocessing and 
waste disposal, thus producing a sustainable model for nuclear energy production. 
Ideally, all fissile actinides will be separated and recycled as fuel, with the long-lived 
FPs either transmuted, or immobilised in durable and leach-resistant wasteform 
materials for subsequent geological disposal. Obviously, associated with all of these 
activities is considerable research and development related to separation 
technologies; new compatible fuels and targets; and suitable wasteform materials [6].  
 
Table 1.1 The main fission products and actinides in vitrified High Level Waste and 
their activities (GBq g
−1
 glass) as a function of storage time [3]. 
Component 4 years 50 years 500 years 
Fission products    
134Cs 5.9 0.0000013 - 
137Cs 19 6.6 0.00021 
90Sr 14 4.6 0.00007 
144Ce 2.2 - - 
147Pm 3.3 0.000016 - 
151Sm 0.12 0.085 0.0024 
152Eu 0.001 0.000071 - 
154Eu 0.61 0.083 0.0003 
155Eu 0.14 0.0029 - 
93Zr 0.00019 0.00019 0.00019 
99Tc 0.0016 0.0016 0.0016 
106Ru 5.2 - - 
107Pd 0.000012 0.000012 0.000012 
126Sn 0.00012 0.00012 0.00012 
Actinides    
Np 0.00003 0.00003 0.00003 
Pu 0.0014 0.0016 0.0008 
Am 0.07 0.06 0.03 
Cm 0.004 0.001 0.00006 
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Six advanced reactor types have been proposed by the Generation IV 
International Forum, with the goals of both efficient use of fuel resources and waste 
minimisation. These are: (1) very-high-temperature reactor (VHTR); (2) sodium-
cooled fast reactor (SFR); (3) supercritical water-cooled reactor (SCWR); (4) gas-
cooled fast reactor (GFR); (5) lead-cooled fast reactor (LFR); and (6) molten salt 
reactor (MSR) [7]. The key features of these different reactor types are summarised 
in Table 1.2. A full discussion of the implications of these different reactor types is 
beyond the scope of this review. However, the reader’s attention is draw to the fact 
that, of the six next generation reactor types, at least five can accommodate a fast 
neutron spectrum. Fast neutron reactors are well-suited to burn-up of MAs, because 
their fluxes are typically higher; and in a fast neutron flux, MA fission produces 
more neutrons than it consumes and thus reactor core neutronics are not impacted. 
However, in the thermal neutron spectrum that is utilised in a conventional power 
reactor, the MAs are neutron poisons (i.e. high neutron absorbers) and generate fewer 
neutrons than they consume. This has presented a practical obstacle to their uptake as 
fuels using conventional reactor technology [8]. 
 
Table 1.2 The six reactor types selected by the Generation IV International Forum 
and their respective features [7]. 
System Neutron 
spectrum 
Coolant Temperature (°C) Fuel Cycle Size (MWe) 
Very-high-temperature 
reactor (VHTR) 
Thermal Helium 900–1000 Open 250–300 
Sodium-cooled fast reactor 
(SFR) 
Fast Sodium 550 Closed 30–150 
300–1500 
1000–2000 
Supercritical water-cooled 
reactor (SCWR) 
Thermal/fast Water 510–625 Open/closed 300–700 
1000–1500 
Gas-cooled fast reactor 
(GFR) 
Fast Helium 850 Closed 1200 
Lead-cooled fast reactor 
(LFR) 
Fast Lead 480–800 Closed 20–180 
300–1200  
600–1000 
Molten salt reactor (MSR) Fast/thermal Fluoride salts 700–800 Closed 1000 
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The transmutation of MAs is attractive because not only is their full energy 
content exploited, but in doing so, the radiotoxic inventory is reduced and the 
necessity for immobilisation and storage further minimised. One technical challenge 
for their effective transmutation is the necessity of their separation from the 
lanthanide FPs, which are neutron poisons. The trivalent MAs (Am and Cm) and 
their F-block cousins, the predominantly trivalent lanthanides, are chemically-alike 
and also possess similar ionic radii. This poses a problem for their separation. The 
activities of partitioning and transmutation are inextricably linked; the former must 
be successfully executed to enable the latter [2].  
There are several general schemes for the transmutation of the MAs. In 
homogenous recycling, the MAs are diluted within MOX fuel, but at low 
concentrations, so as not to affect fuel performance. In heterogenous recycling, the 
MAs are incorporated within inert materials which are arranged on the periphery of 
the reactor core, so as not to interfere with neutronics; or in a radial breeder blanket, 
diluted into MOX fuel. A double-strata scenario is also possible. This involves the 
recycle of U and Pu as MOX fuel; and the partitioning of the MAs for transmutation 
in dedicated reactors, such as SFR, or an accelerator-driven subcritical reactor (ADS) 
[8]. An ADS is a hybrid reactor system employing a fissile and non-fertile core, with 
neutrons supplied by a spallation source [9]. 
While receiving somewhat less attention, the transmutation of some long-
lived fission products (including 
99
Tc, 
93
Zr, 
135
Cs, 
107
Pd and 
129
I) has been evaluated 
and also found to be feasible, at least in principle. Conventional nuclear reactors, fast 
neutron reactors and ADS systems have all been suggested for the transmutation of 
these radionuclides [10, 11]. 
 
 Inert Matrix Fuels 1.2
 
Being the proposed targets and fuels for SFR and ADS, respectively, Inert Matrix 
Fuels (IMFs) have been heavily-researched. The primary objective of fabrication of 
IMFs is to provide a host environment for transmutation of fissile isotopes of the 
transuranics (Pu, Np, Am and Cm) separated from fertile radionuclides such as 
238
U, 
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whose neutron irradiation would lead to further generation of these same higher 
Actinides [8].  
To serve as an effective host matrix, the IMF must ideally possess certain 
characteristics: (1) be composed of low neutron cross-section nuclides, so as not to 
interfere with reactor neutronics; (2) high melting point; (3) chemical inertness with 
respect to coolant and fuel cladding materials; (4) high radiation tolerance; and (5) 
high thermal conductivity; (6) the matrix and constituent elements ideally should not 
be susceptible to activation; that is, transmutation into long-lived radionuclides 
themselves [8, 12]. Matrices can be single phase ceramics or metals, or composites 
of the two, namely, cermets (ceramic-metallic) and cercers (ceramic-ceramic) [8]. 
The actinide-doped yttria-stabilised zirconia (YSZ, (Y,An,Zr)O2−x) phase particles, 
dispersed in stainless steel matrix and investigated by Fernández and co-workers, 
would be a good example of a cermet material. One of the motivations of a metallic 
composite is improved thermal conductivity [13].  
The matrices which have been considered as possible IMF hosts include 
oxides, yttria-stabilised zirconia (Zr,Y)O2, MgO, Al2O3, Y2O3, CeO2−x, spinel 
(MgAl2O4) and yttrium-aluminium garnet (YAG, Y3Al5O12); CePO4; ZrSiO4; 
carbides and nitrides, SiC, 
11
B4C, 
11
BN, Si3N4, CrN, TiN, YN, ZrN, CeN and AlN; 
metals, Cr, V, W, Mo, Nb and steel; and, of course, cercer or cermet combinations 
thereof [8]. 
Previous irradiation experiments are instructive with respect to the in-pile 
behaviours of these materials. As a well-known example, the ECRIX-H Experiment 
investigated a cercer matrix initially consisting of AmO1.62 particles suspended in 
MgO. While the post-irradiation examination confirmed an impressive burn-up in the 
vicinity of 95%, significant swelling and crack formation were evident, as a result of 
He gas generation [14]. It appears that these insights have been fed into the design of 
the subsequent HELIOS Experiment matrices, which have tested a variety materials, 
including two single phase ceramic materials (Pu,Am,Zr,Y)O2 and (Am,Zr,Y)O2; a 
cercer, Am2Zr2O7+MgO; and cermets, (Pu,Am)O2+Mo and (Am,Zr,Y)O2+Mo. The 
aforementioned pyrochlore-containing cercer (Am2Zr2O7+MgO) included MgO with 
an open porous structure intended to accommodate He gas [15]. At the time of 
writing, the post-irradiation examination for this latter experiment has not been 
reported. 
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Many of these phases are readily-prepared as single fully-dense monoliths, 
although there have been efforts to produce microspherical IMF particles [16], 
similar to conventional U fuel particles, which can be packed into fuel pins and 
which in turn can be arranged within fuel assemblies. One of the motives for use of 
conventional U fuel particles is better control of neutronics [17]. Similar advantages 
might conceivably be attained with IMF analogues. 
 
 Particle fuels 1.3
 
The Tri-isotropic (TRISO) and Sphere-pac UO2-based conventional particle fuels can 
be potentially synthesised by either external or internal gelation methods (Figure 
1.1). We introduce these methods here to provide context for particle IMF synthesis, 
which will be discussed shortly. External gelation involves precipitation of U by 
addition of droplets of aqueous uranyl nitrate to an aqueous bath containing aqueous 
ammonia; i.e., the precipitant is external to the droplet itself. The influx of ammonia 
precipitates U as ammonium diuranate ((NH4)2U2O7), forming roughly spherical 
particles. In the internal gelation method, a hot oil bath receives the U-containing 
immiscible aqueous droplets and the ammonia required for precipitation is supplied 
by decomposition of a thermally-sensitive component (e.g. hexamethylenetetramine, 
HMTA), also contained within the uranyl nitrate precursor solution. Subsequent 
calcination converts the dried particles into UO2. In the case of TRISO, the fuel 
particles are also subjected to additional processing to coat the U particles with layers 
of pyrolytic carbon and SiC [17, 18].  
These sol-gel methods are also amenable to the dust-free preparation of 
particle fuels based on Th and Pu. Aside from oxides produced by calcination, other 
post-gelation treatments permit the conversion of the particles into carbides and 
nitrides [19]. 
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Figure 1.1 External and internal gelation methods used for the production of 
conventional U fuel particles. 
 
Analogous gelation methods have also been utilised for the synthesis of porous 
inert matrix particles by sol gel, intended for the facile introduction of fissile target 
species [16]. In their work on the impregnation of MgAl2O4 green pellets with Ce 
(actinide surrogate), Am and Pu solutions, Richter, Fernández and Somers illustrated 
the INRAM (INfiltration of RAdioactive Materials) concept for introduction of Pu 
and MAs into porous inert matrices, or precursors thereof [20, 21]. The practical 
benefits of such an approach are: (1) reduction in handling of radioactive material, 
because the inert precursor matrix is fabricated in a non-active environment; (2) ease 
of incorporation of Pu/MAs; and (3) enhanced safety, due to elimination of powder 
processing; thus reducing possible contamination of fabrication facilities, which 
carries with it certain complications, including the need for increased maintenance 
and additional shielding [20]. Precursors for porous inert matrix spheres have been 
synthesised for a number of phases, most notably MgAl2O4 [22], (Zr,Y)O2 [13, 23-
27] and Y3Al5O12 [28]. Guo and co-workers have recently templated mesoporosity 
into a zirconia microsphere matrix, designed to increase the potential infiltration 
capacity of the fuel particles [29]. 
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Once infiltrated, the microsphere inert matrices are sintered and form an 
approximate solid solution with the infiltrant. At this stage, they typically lose 
porosity, resulting in nearly fully-dense particles. Hot pressing of microspheres into 
pellets can also be employed to further densify the matrix and remove the interstitial 
porosity between the particles. There is a very sound reason for this densification 
process and this is the necessity of good thermal conductivity. However, instead of 
this irreversible conversion into a fully-dense matrix, porosity as a potential attribute, 
may be due some consideration. An adsorption-desorption process could be just as 
efficient and safe as infiltration, for introducing target radionuclides and may offer 
the potential for regeneration of the matrix via subsequent selective desorption of 
transmutation products post-irradiation. This could entail recyclability and therefore, 
production of less solid waste. Reprocessibility is an attribute that is often 
overlooked; decontamination of a porous target may be more easily achieved. 
Furthermore, if suitable hierarchical porosity facilitating mass transfer could be 
engineered, the adsorption and desorption steps could be executed using column 
chromatography and involving simple flow-through processes. 
In summary, porous inert matrix particles may provide less waste-producing 
way for transmutation of Pu/MAs, combining the suitable properties of the host 
phase with a matrix with open porosity that can potentially be regenerated; 
adsorption/desorption may offer a facile means of introducing target species and 
removal of products, with production of less waste; and additionally could 
accommodate fission gases. We will now consider prior works on separation 
technologies to arrive at a suitable means of achieving these ends. 
 
 Chemical separation technologies 1.4
 
1.4.1 Solvent extractants 
 
PUREX (Plutonium and Uranium Reduction EXtraction) is the most widely-used 
process for reprocessing of spent nuclear fuel. It uses a 30% solution of 
tributylphosphate (TBP) (Figure 1.2a) in a mixture of aliphatic hydrocarbons, such as 
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kerosene, to extract tetravalent and hexavalent actinides from spent fuel dissolved in 
6–8 mol L
−1
 HNO3. Pu(IV) and U(VI) are extracted nearly quantitatively, while 
fission products, as well as trivalent and pentavalent actinides remain in the aqueous 
phase. The process can be operated continuously and the chemicals used are 
inexpensive, however the PUREX solvent extraction process suffers from a number 
of problems including hydrolytic and radiolytic degradation of TBP, necessitating 
solvent clean-up; and difficulty controlling the oxidation state of Np at plant scale 
[2]. 
 TRUEX (TRansUranium EXtraction) is a back-end process designed to 
extract the transuranic elements from the PUREX waste. It uses a similar 
solvent/extractant mixture to PUREX, but in addition to TBP, incorporates a 
chelating ligand octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide 
(CMPO). Nearly complete extraction of transuranics from the FPs is achieved [30].  
Unfortunately, it is not selective for the trivalent actinides over the trivalent 
lanthanides. Also, Tc and Sr are co-extracted with the actinides. Sometimes an extra 
step called SREX, employing a crown ether functionality, is included to remove Sr 
[31]. The structures of the TRUEX and SREX extractants are shown in Figure 1.2b 
and c. 
A French process has been developed for extraction of actinides using 
diamides known as DIAMEX, commonly using N,N’-dibutyltetradecylmalonamide 
(DMDBTDMA) (Figure 1.2d) which performs well extracting a diverse range of 
actinides and fission products at different HNO3 concentrations. Tri-, tetra- and 
hexavalent actinides can be effectively removed from 4 mol L
−1
 HNO3. A major 
advantage of these extractants is that that they are composed solely of C, H, O and N 
and can be combusted without any solid residue [32]. 
A Chinese solvent extraction process using trialkylphosphine oxides 
(“TRPO”) (alkyl = C6–C8) has obtained good  results, accomplishing a total actinide 
and lanthanide extraction. It typically uses a 30% kerosene solution of a 
trialkylphosphine oxide mixture, e.g. Cyanex
®
 923, of which tri-n-octylphosphine 
oxide (TOPO) (Figure 1.2e) is a prototypical constituent. Although the reagents are 
cheap, one disadvantage is competition of the target species with HNO3, 
necessitating a 10-fold dilution of the HNO3 feed solution for efficient extraction of 
trivalent actinides, which in turn increases waste volumes [32]. 
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Figure 1.2 Structures of solvent extractants. (a) tributylphosphate (TBP); (b) 
octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO); (c) di-tert-
butylcyclohexane-18-crown-6; (d) N,N’-dibutyltetradecylmalonamide 
(DMDBTDMA); (e) tri-n-octylphosphine oxide (TOPO); and (f) bis(2,4,4-
trimethylpentyl)dithiophosphinic acid. 
 
Other solvent extraction processes have attempted to address the trivalent 
actinide/lanthanide separation problem. Success in selectively extracting the 
actinides have been attained with S- and N-donor ligands including N,N-
dialkylamides, malonamides and dithiophosphinic acids; as well as cation-
exchangers such as trialkylamines and tetraalkylammonium salts [2]. Especially 
impressive results have been obtained with dithiophosphinic acids mixtures, such as 
the commercial extractant Cyanex
®
 301, the main component of which is bis(2,4,4-
trimethylpentyl)dithiophosphinic acid (80%). The structure of this molecule is shown 
in Figure 1.2f. A very high Am/Eu separation factor of 5.9 × 10
3
 has been achieved 
[33]. 
Summarising, organic extractants can offer exquisite selectivity for target 
adsorbates important to the Nuclear Fuel Cycle, however, their drawbacks include 
the necessary handling of flammable solvents, large volumes of solvent waste and 
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poor radiation tolerance. As a result, there have been attempts to produce solid-phase 
analogues of these same molecules. 
 
1.4.2 Activated carbons 
 
Introduction of ion exchangeable or co-ordinating functionalities onto carbon 
surfaces is well-known. Diverse methods of modifications include sulfonation [34, 
35], phosphorylation [36] and grafting of chelating molecules such as 
ethylenediamine [37]. However, the usual way of chemically modifying carbon 
surfaces is referred to as activation, which most commonly means oxidative surface 
treatment. Activated carbon has been used since ancient times for water purification 
and is possibly the first man-made sorbent material. It is used extensively for the 
purification of gases and aqueous liquids from both organic and inorganic species. 
With respect to water purification from heavy metal contaminants, the main benefit 
of activation is to increase of the surface density of coordinating or ion-exchangeable 
O-containing surface functionalities. An often favourable consequence of this 
process is a dramatic increase in surface area as a result of the formation of micro- 
and mesoporosity, which can translate into high adsorption capacities.  
Activated carbons can be cheaply manufactured from diverse carbonaceous 
source materials, including coal, polymers, agricultural waste by-products such as 
nut shells, saw dust, blood and bone. A variety of morphologies, including granular 
forms are thus possible. Activation can be categorised as physical activation or 
chemical activation. Physical activation entails high temperature treatment (800–
1100 °C) of pre-carbonised material in the presence of oxidising gases, such steam, 
CO2 or air. Chemical activation involves heat treatment (200–800 °C) of 
carbonaceous material chemically-impregnated with aqueous solutions of chemicals 
such as ZnCl2, KOH, K2CO3 or HNO3 [38]. Activated carbons can also be 
subsequently modified by equally diverse gas and chemical treatments. These 
various methods will produce activated carbons with different types and proportions 
of O functionalities, which can influence adsorption capacities and sorption 
selectivities. Acid treatment, for example, will enhance acidic O functional groups, 
which favours heavy metal cation adsorption [39]. Because of the wide variety of 
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source materials and methods of physical and chemical activation (not to mention 
modification procedures), a full understanding of the characteristics and adsorption 
mechanisms of these derivative materials remains some way off.   
Not surprising given their common use, heavy metal adsorption studies 
abound. As examples, prior studies have shown adsorption of nuclear-relevant 
cation-forming elements, including U [40], Pu [41], lanthanides [42, 43] and Co [44]. 
The potential of activated carbons for sequestration of environmental heavy metal 
cations (Cu, Zn, Cd, Hg, Pb, etc.) has also been recognised by many workers [45-50]. 
Activation of N-rich compounds or further heat treatment of activated carbons with 
N-containing gases such as NH3 and N2, will form surface functionalities such as 
amines and amides, which can intensify cation adsorption by chelation effects [51]. 
N-substituents in the carbon structure (e.g. quaternary amines) can also impart anion 
exchange properties [52-56]. Some of the hypothesised coordination and ion 
exchange mechanisms involving O- and N-containing functionalities, are illustrated 
in Figure 1.3. 
 
 
Figure 1.3 Some of the possible adsorption mechanisms for metal adsorption by 
activated carbon functionalities. Adapted from [49, 51]. 
 
1.4.3 Inorganic ion exchangers 
 
Naturally-occurring minerals with ion-exchange properties have been known since 
the 18
th
 century. The term zeolite was coined by Cronstedt in 1756 and was derived 
from the Greek ζειν (zein, “to boil”) and λιθος (lithos, “stone”). It aptly refers to the 
observed tendency of these aluminosilicate minerals to froth up when heated, which 
 
37 
 
was convincing evidence of water vapour release from some inner pore structure. By 
the mid-19
th
 century, the reversible cation-exchange properties of this class of 
materials were recognised. Synthetic aluminosilicates emerged in the 20
th
 century, 
the first of which were poorly-ordered cation-exchangers (permutites); while 
structurally-ordered ones, like the naturally-occurring mineral phases, appeared later. 
Practical uses include catalysis, water softening, water purification and drying of 
non-aqueous solvents. Zeolites are among the so-called molecular sieves, which 
exhibit size exclusion properties based on their regular pore structures [57]. They are 
quite structurally diverse. As an example, synthetic Zeolite A with interpenetrating 
channels is shown in Figure 1.4a. The ion-exchangeable Na
+
 ions are visible in the 
channels, while Na can also be seen integrated into the framework. There are other 
natural ion-exchanging minerals, such as clays and micas, which have been discussed 
elsewhere [58]. 
Inorganic ion-exchangers are attractive adsorbents for nuclear applications 
because of their high resistances to radiation fluxes. Many inorganic ion-exchange 
materials can accumulate doses of up to 10
7
 Gy with little impact on structure or 
properties [59-62]. Also, they often possess well-defined layered or channelled pore 
structures which can impart size-selective extraction properties and high selectivity 
even in the presence of high concentrations of competing adsorbates. Although these 
ion-exchangers are often prepared as powders, granulation methods exist permitting 
their use in a column configuration. Both inorganic (e.g. ceramic) and organic 
(polymer) methods are known. The latter includes the well-known polyacrylonitrile 
(PAN) matrix, whose spheres exhibit a radial macropore structure [63].   
In their early and comprehensive reviews, Veselý and Pekárek recognised the 
existence of at least six basic categories of synthetic ion-exchangers, which are: 1) 
hydrous metal oxides (e.g. hydrous zirconia); 2) acidic salts of multivalent metals 
(e.g. zirconium molybdate); 3) salts of heteropolyacids, e.g. (ammonium 
molybdophosphate, AMP); 4) insoluble ferrocyanides; 5) synthetic aluminosilicates 
(i.e. zeolites); and 6) miscellaneous substances (e.g. synthetic apatites, sulphides, 
alkaline earth sulphates) [64, 65]. Clearfield’s review several decades later 
highlighted the potential resistance of inorganic ion-exchangers to ionising radiation 
and discussed the properties of the newly-emerged silicotitanate group of ion-
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exchangers (e.g. Crystalline Silicotitanate), which was unknown at the time of the 
earlier reviews [58].  
Inorganic ion-exchangers have notably been directed to the specific problems 
of radiocaesium and radiostrontium removal from nuclear waste streams. The US 
patent of Harjula and Lehto discloses a method for preparation of a granular form of 
potassium cobalt hexacyanoferrate(II) (KxCo2−x[CoFe(CN)6]) for column-based 
removal of Cs radioisotopes. In a stated example of use, 700 m
3
 of liquid waste were 
treated with a 9000-fold volume reduction achieved [66]. The structure of a related 
compound, K2Cu[Fe(CN)6], is depicted in Figure 1.4b and c. The view down the b-
axis (Figure 1.4b) shows the layers of ion-exchangeable K
+
 ions, while the c-axis 
view (Figure 1.4c) demonstrates more clearly the connectivity between framework 
units. The commercially-available granular form of Crystalline Silicotitanate, UOP 
IONSIV
®
 IE-911, has performed well in the decontamination of highly-alkaline 
waste incorporating 4 mol L
−1
 NaNO3. Approximately 116,000 L of Oak Ridge 
National Laboratory Low Level Liquid Waste supernate were treated with 265 L of 
sorbent, successfully removing approximately 1,142 Ci of 
137
Cs [67]. The structure 
of Cs-exchanged Crystalline Silicotitanate is given in Figure 1.4d and e. The a-axis 
perspective (Figure 1.4d) shows the Na
+
 sites, while the Cs
+
 ions are evident in 
channels visible down the c-axis (Figure 1.4e). The AMP-PAN composite absorber 
has shown promising results for 
137
Cs removal from simulated and actual INEEL 
acidic wastes, achieving a decontamination factor exceeding 3,000 [68]. Sodium 
titanate has shown effective extraction of 
90
Sr (decontamination factor > 500) from 
caustic Hanford defense waste simulants with high concentrations of dissolved 
NaNO3 [69]. Zeolites have quite recently found practical application in the clean-up 
of the 2011 Fukushima Daiichi incident, for the capture and storage of 
137
Cs and 
134
Cs isotopes [70]. 
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Figure 1.4 Inorganic ion-exchangers with channelled or layered architectures. (a) 
Zeolite A viewed down the a-axis. Key: yellow spheres, Na; light blue tetrahedra, Al; 
dark blue tetrahedra, Si; red spheres, O. (b) and (c), potassium copper(II) 
hexacyanoferrate (K2Cu[Fe(CN)6]), viewed down the b- and c-axes, respectively. 
Key: purple spheres, K; light blue spheres, Cu; brown spheres, Fe; grey spheres, C; 
dark blue spheres, N. (d) and (e), Cs-exchanged Crystalline Silicotitanate viewed 
down the a- and c-axes, respectively. Key: green spheres, Cs; yellow spheres, Na; 
dark blue polyhedra, Si; orange polyhedra, Ti; red spheres, O. Data from [71-73] 
were used. 
 
1.4.4 Organic resins 
 
Organic resins are granular, porous polymer materials with pendant ion-
exchangeable or chelating functional groups; or adhering solvent extractants. They 
are among the most visible and well-known sorbents, finding wide application in 
non-nuclear areas, such as decontamination, catalysis, water softening and 
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demineralisation; and nuclear-related areas, such as analytical separations, waste 
treatment and nuclear medicine production. Although cation-exchangers were 
already well-established in the early 20
th
 century, until the advent of ion-exchange 
resins in the 1930s, materials with satisfactory anion-exchange properties were 
unknown [74].  
Resins are produced by gelation and in situ polymerisation of monomers 
dissolved in a water-immiscible solvent, by dispersal in an aqueous medium. They 
are inherently porous, constituted by three-dimensional microporous networks which 
are usually polymer chain cross-linked. The macroporous-type resins are produced 
by incorporation of a non-polymerising and inert porogen into the solvent, which 
templates the macropores through a process of phase separation. The resin 
framework can be constituted by any one of a variety of polymers or co-polymer 
mixtures; the earliest ones were condensate polymers based on reaction of 
formaldehyde with phenols or aromatic amines. Nowadays however, polystyrene-
divinylbenzene (PS-DVB) seems to be most frequently used [75]. The advantages of 
organic resins include not only the ability to modulate pore structure and granule 
size, but also to vary the attached functional molecule, permitting selective 
adsorption directed to a specific end use. Also, their porous granular structures are, 
by design, well-suited to use in fixed bed chromatographic columns [74]. 
Ion-exchange resins seem to be the most widely-used class of functionalised 
polymers. They can be cation-exchangers (ionisable anion functionality), anion-
exchangers (ionisable cation functionality) or ampholyte (mixed cation and anion 
functionalities within the same resin). Mixed beds are also possible, i.e., a mixture of 
two different ion-exchange resins. The functional moiety is usually attached to the 
polymer framework by covalent bonding. Ion-exchange resins are classed as weak or 
strong based on the strength of acidity or basicity of the functional group. For 
example, a typical strong acid cation-exchanging functionality is sulphonate 
(−SO3H), while a common weak acid one is carboxylate (−COOH). The multi-level 
structure of sulphonate-functionalised PS-DVB is depicted in Figure 1.5. Chelating 
ligands, in contrast, form multiple coordinate bonds to a metal adsorbate and do not 
by necessity have ion-exchangeable groups, although some resins could conceivably 
fall into both of these categories [74]. The functional molecules in the extraction 
chromatographic resins, unlike the other two types, are not covalently linked to the 
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resin matrix, but are introduced by impregnation instead, often using a water-
immiscible solvent as carrier. They therefore are constituted by two distinct phases 
[76]. 
Extraction chromatographic resins have been commercially-available for three 
decades and incorporate some of the important solvent extractants discussed earlier. 
Eichrom Sr Resin is a resin matrix impregnated with the SREX ligand 4,4’(5’)-
bis(tert-butylcyclohexano)-18-crown-6 in 1-octanol [77], while Eichrom TRU resin 
incorporates the TRUEX extractants TBP and CMPO, exhibiting actinide affinity 
[78]. TEVA
®
 resin (trialkylmethylammonium, where alkyl = C8, C10) is well-suited 
to actinide separations [79]; and UTEVA
®
 resin with the diamyl amylphosphonate 
ligand, shows selectivity for U [80]. 
 
 
Figure 1.5 A gel-type sulphonate-functionalised polystyrene-divinylbenzene 
(PS-DVB) cation exchange resin. The porous polymer frameworks consist of 
polystyrene chains crosslinked with divinylbenzene, with sulfonation of benzene 
moieties possible. 
  
The phenolic resins deserve a special mention. In the 1950s, Miller and Kline 
observed that the phenylsulfonic acid-functionalised Amberlite
®
 IR-100 extracted Cs 
at very high pH, which could be attributed to the phenoxide moiety [81]. Building 
upon this, the Resorcinol-Formaldehyde resin was later patented; this features 
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phenolic and chelating iminodiacetic acid groups to provide selectivity for Cs and Sr, 
respectively [82, 83]. Other resins with similar structural motifs (phenol, catechol, 
etc.), have also been shown to possess high Cs selectivity [84]. Diphonix
®
-CS bears 
diphosphonic acid and phenolic groups and is an effective sorbent for Cs, Sr and 
actinides [85]. SuperLig
®
 644 is a resin with a proprietary functionality (regrettably 
not known to this author), which has demonstrated good performance in 
137
Cs 
removal from Hanford waste tank supernates [86]. One might speculate on the 
presence of a phenolic-type functionality, although this is by no means certain. 
Much like the ligands used in solvent extraction, these extractants and their 
polymeric supports are not immune from radiolytic decomposition; in fact, 
measurable changes are known to occur in some resins from accumulated doses of as 
little as 10
4
 Gy [61]. This highlights the need for materials that are not just highly-
selective for target species, but also robust chemically and radiochemically. 
 
1.4.5 Surface-modified inorganic materials 
 
Modifying the surface properties of inorganic materials is of interest to those 
working in a range of fields, including separations, catalysis and sensor development 
[87]. Organic functionalisation of inorganic materials has especially interested those 
working in the area of nuclear separations, because of the ability to impart high 
selectivity for target radionuclides. Additionally, substrates with differents 
morphologies (e.g. films, nanoparticles and porous beads) can be modified creating 
truly modular sorbents, tailored to their end uses. Functionalised mesoporous 
substrates are often referred to as SAMMS (Self-Assembled Monolayers on 
Mesoporous Supports). Much early work on organic functionalisation of inorganic 
materials focused on silicate-based systems [87], probably in no small part due to the 
discovery in the 1990s of high surface area ordered mesoporous silica substrates 
(such as MCM-41) with well-defined pore dimensions, which are prepared by 
supramolecular self-assembly and surfactant micelle templating [88]. This approach, 
as well as related templating strategies such as nanocasting, have led to the synthesis 
of a vast array of ordered mesoporous metal oxides (titania, zirconia, etc.), with 
potential applications including separations, catalysis and controlled drug release 
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[89]. Aside from improved adsorption capacities associated with high pore surface 
areas, the self-assembly of organic monolayers on ordered mesoporous or 
supermicroporous substrates offers an additional means of tuning adsorption 
selectivity. This concept was very elegantly demonstrated by de los Reyes, who 
systematically altered the pore dimensions of PAN beads with layer-by-layer 
coatings of zirconia, showing the effect of pore confinement on the radionuclide 
binding selectivity of co-ordinating ligands [90]. 
The ready formation and stability of Si-O-Si and Si-C bonds have made 
organosilanes a popular choice for coupling with silica substrates [91]. Use of silica-
based hybrids in nuclear separations is regrettably limited because of dissolution of 
silica in moderately-alkaline media [92] and organosilane detachment at low pH as 
well [93]. Functionalised materials based on durable metal oxide substrates, such as 
titania and zirconia, have therefore captured the attention of some workers [90, 94, 
95]. Moreover, while silaceous materials will form glasses when hot-pressed, more 
durable leach-resistant ceramic phases, such as zirconolite, can be fabricated from 
these oxide-based hybrids. Therefore, these sorbents are also attractive for nuclear 
applications, because disposal options exist for their ultimate conversion into durable 
ceramic nuclear wasteform materials. In other words, a potential cradle-to-grave 
flow-sheet for these materials is possible [96]. Anchoring groups, including 
carboxylic acids, organosilanes and organophosphorus compounds, especially 
phosphonic acids, have been investigated [97]. The bonding of organosilanes and 
phosphonic acids is illustrated in Figure 1.6. Surface hydroxyl groups often serve as 
anchor points for attachment of functional molecules. Phosphonic acids have been 
found to be very suitable for coupling to metal oxide surfaces because of high 
stability over a wide range of pH [98, 99]. As Ide and co-workers have demonstrated, 
surface-grafted phosphonates can improve the hydrolytic stability of metal oxides at 
very low pH and thus serve as protecting groups [95]. Phosphonate functionalisation 
has even been applied to non-oxide ceramics. Somewhat recently, Auernhammer and 
co-workers investigated the functionalisation of hydroxyl-teminated 6H-SiC (SiC 
polymorph) using phosphonate linkages [100]. 
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Figure 1.6 Some examples of organosilane and phosphonic acid coupling to 
hydroxylated oxide surfaces. Multi-dentate binding is possible. Adapted from [101]. 
 
Functionalised metal oxides have been investigated as possible radionuclide 
adsorbents. For example, Fryxell and co-workers, reported lanthanide- and actinide-
selective adsorbents produced by grafting various functional molecules on 
mesoporous silica using silane coupling groups [102, 103]. Griffith et al., in the 
earlier cited reference, studied Gd(III) adsorption on mesoporous zirconium titanium 
oxide powder functionalised with bis- and tris- phosphonates, as well as carboxylate- 
and amine-substituted variants. The best performance (Kd = 1 × 10
4
, 0.01 mol L
−1
 
HNO3) was seen for the tris-phosphonic acid, aminotris(methylenephosphonic acid) 
(ATMP) [94]. Veliscek-Carolan and co-workers used alkene groups to form 
(presumably) stable Ti-O-C linkages, coupling alkylamine, alkylpicolinamide, and 
alkylphosphate functionalities to TiO2 surfaces, imparting U(VI) selectivity [104]. In 
their later work, the same coupling route was used to modify TiO2 nanoparticles and 
porous beads with the 2,6-bis(1,2,4-triazin-3-yl)pyridine moiety. They reported 
selective adsorption of Am(III) over Eu(III) in 0.01 mol L
−1
 HNO3 and a separation 
factor of 160 [105]. 
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The information on radiolytic stability of these materials seems to be fairly 
limited. Gamma irradiation studies in air using 
60
Co were undertaken by de los Reyes 
on mesoporous titanium zirconium oxides, which were functionalised with ATMP, 
4-amino,1-hydroxy,1,1-bis-phosphonic acid (HABDP) and phosphono-imido-
dicarboxylic acid (PIDC). At a dose of 5.8 × 10
5
 Gy, these materials exhibited losses 
in 
153
Gd binding efficiency of 10, 23 and 44%, respectively [90]. Additionally, the 
ATMP-functionalised material experienced a 60% loss in Langmuir adsorption 
capacity (qmax) for Gd(III). In a recent work, Zhang et al. gamma-irradiated 
phosphine oxide- and phosphonic acid-functionalised SBA-15 mesoporous silicas, 
with 
60
Co, in air and HNO3 solution, to a dose of 5 × 10
5
 Gy. The materials were 
well-characterised with techniques including Small Angle X-Ray Diffraction, 
Transmission Electron Microscopy, 
13
C/
29
Si Magic Angle Spinning Nuclear 
Magnetic Resonance Spectroscopy and Nitrogen Porosimetry. The U(VI) adsorption 
behaviours were also studied. They found negligible impact on physical or 
adsorption properties [106]. 
 
1.4.6  Coordination polymers 
 
According to IUPAC recommendations [107], a coordination polymer is a 
“coordination compound with repeating coordination entities extending in 1, 2, or 3 
dimensions.” A coordination network is a subset of this comprising “a coordination 
compound extending, through repeating coordination entities, in 1 dimension, but 
with cross-links between two or more individual chains, loops, or spiro-links, or a 
coordination compound extending through repeating coordination entities in 2 or 3 
dimensions.” Furthermore, “a metal–organic framework, abbreviated to MOF, is a 
coordination network with organic ligands containing potential voids.” We will refer 
to coordination polymers in its very general sense, but with the recognition that the 
porous variants (MOFs) are most likely to exhibit useful radionuclides sorption 
properties by virtue of coordination or ion-exchange.  
Quite a few studies have investigated utility of coordination polymers for 
U(VI) extraction from waste water and have been suggested as possible sorbents for 
its recovery from seawater [108-110]. Li et al., for example, investigated the use of a 
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MIL-101 derivative with free carboxyl groups for U(VI) extraction from simulated 
seawater at pH 7.7, achieving 75% of the capacity of that obtained for pure water, 
which was 314 mg g
−1
. Equilibrium was reached in about two hours. Quite typical of 
the porous frameworks of MOFs in general, these materials exhibited high Brunauer-
Emmett-Teller (BET) surface areas in the range of 890 – 1907 m
2
 g
−1
.  
The removal of the long-lived fission product 
99
Tc employing coordination 
polymers, also seems to be a popular subject of study [111-114]. In one stand-out 
work, Sheng and co-workers recently reported a novel cationic MOF (SCU-100) 
produced by the solvothermal reaction of AgNO3 and tetrakis[4-(1-
imidazolyl)phenyl]methane. The material demonstrated a very high adsorption 
capacity of 541 mg g
−1
 for a ReO4
−
 surrogate and fast equilibrium of around 30 
minutes. The framework possesses an eight-fold interpenetrating three-dimensional 
network of channels, which goes some way to explaining the fast adsorption kinetics. 
Figure 1.7 shows the view down the c-axis and the Ag
+
 ions present in the channel 
walls [113]. 
In one uncommon study, a Zr-based MOF containing sulphate groups was 
investigated for removal of the 
133
Ba fission product (1/2 = 10.7 y) from 
wastewaters, using non-active Ba simulant. The adsorption capacity was 182 mg g
−1
, 
somewhat above the average for Ba adsorbents [115]. 
Notably, the potential radionuclide sorption applications of co-ordination 
polymers containing phosphonate ligands, have been explored in several instances; 
frameworks have included diverse metals such as Sn [116], Nb [117] and Zr [118-
120]. Veliscek-Carolan and co-workers reported lanthanide-selective coordination 
polymers consisting of Zr(IV) units linked by amino(trismethylene)phosphonic acid 
(ATMP) ligands [118]. In a follow-up study, the physical characteristics and sorption 
behaviour were shown to be strongly-dependent on the synthetic parameters [121]. 
Similarly, Luca and co-workers prepared coordination polymers utilising Zr(IV) and 
1-hydroxy-2-(1H-imidazol-1-yl)ethane-1,1-diyl bisphosphonate (zoledronate) by 
hydrothermal route [119], as well as related materials with Zr(IV) co-ordinated with 
1,3,5-substituted benzenes; the substituents being phosphonic and carboxylic acid 
groups [120]. Both groups of material demonstrated high Th(IV) and lanthanide 
selectivity. In the latter work, compelling evidence was presented of the role of 
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uncoordinated phosphonic acid groups for the adsorption properties. Additionally, 
conversion of the materials into dense ceramics was investigated. 
Once again, there is a general paucity of systematic radiation damage studies 
for coordination polymers. Alberti and co-workers performed a study of 
60
Co 
irradiation (3 × 10
6
 Gy), of the layered compounds zirconium 
carboxyethylphosphonate and zirconium phenylphosphonate. While zirconium 
carboxyethylphosphonate exhibited significant damage, zirconium 
phenylphosphonate was largely unaffected. The radiation stabilities of the polymeric 
derivatives seemed to correlate with those of the parent phosphonic acids [122]. Yet, 
a recent comparative study has concluded that the the metal cation plays a more 
important role in the stability of MOFs to ionising radiation. Prototypical MOF 
materials, Al(III)-containing MIL-53, MIL-100, and MIL-120; HKUST-1 (Cu(II)); 
UiO-66 (Zr(IV)); and ZIF-8 (Zn(II)); were 
60
Co-irradiated with doses in the range 
0.5–2 × 10
6
 Gy. Superior radiation stabilities were found for Al(III)-containing 
MOFs compared to the transition metal analogues with the same framework ligands. 
This was attributed to the lower gamma absorption cross-section of this metal [123]. 
 
 
Figure 1.7 The MOF material SCU-100, viewed slightly off-centre of the c-axis. 
Channels systems are evident in multiple directions (Key: grey spheres, C; blue 
spheres; N; pink spheres, Ag). Data from [113] was used. 
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1.4.7 Inert matrix phases as radionuclide adsorbents 
 
A thorough search reveals there to be few metal adsorption studies for the majority 
of the candidate IMF phases detailed earlier in § 1.2. Expectedly, common metal 
oxides such as ZrO2 and Al2O3 will adsorb metals; the latter is an important 
chromatographic material [124]. Heavy metal extraction has been demonstrated for 
other oxide phases such as MgAl2O4 [125] and ZrSiO4 nanoparticles [126]. 
Powdered SiC has been shown to remove Ni(II) from aqueous solution [127]. A 
relatively recent computational study indicated likely affinity of TiN nanotubes for 
Pb(II) and As(III) [128]. Aside from these works, the adsorption properties of 
carbide and nitride phases appear to be unknown and would therefore constitute a 
new area of study. 
 
1.4.8 Comparison of separation technologies 
 
From the preceding review, we can make a general comparison of separation 
technologies and their characteristics and feed this information into the design of 
suitable porous sorbents for reactor-based transmutation applications. This is 
summarised in Table 1.3. It is evident that no single technology possesses all the 
desired attributes. As set out in § 1.3, a suitable porous transmutation target should 
be a solid material with granular texture and possessing hierarchical porosity. 
Additionally, it must be radiation tolerant and composed of low neutron cross-section 
elements. 
One very important insight is that inorganic ion-exchangers excel in terms of 
radiation tolerance. This suggests that an inorganic-based functionality would be a 
rational choice for a transmutation applications where high radiation fluxes are 
expected. The already-known inert matrix phases are also very radiation tolerant, but 
very little is known about their properties. There is some limited evidence for 
adsorption behaviour. However, the drawback of these two categories of materials is 
a lack of porous and granular structure. However, other sorbents such as the organic 
resins, possess the desired porous architecture. An inorganic-organic composite 
might help to achieve both of these aims.  
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Table 1.3 Comparison of separation technologies. 
Technology Advantages Disadvantages 
Solvent extractants  Very high selectivity 
 Proven to work at industrial 
scale 
 Continuous process possible 
 Creation of flammable 
and toxic solvent waste 
 Poor radiation 
tolerance 
Activated carbons  Inexpensive 
 High surface areas and 
porosities 
 Granular forms common 
 Low selectivity 
 Adsorption properties 
strongly-dependent 
upon source materials 
Inorganic ion-
exchangers 
 Very high radiation tolerance 
 High selectivity (for a limited 
range of adsorbates) 
 Granulation necessary 
Organic resins  High selectivity 
 Inherently granular 
 Inherently porous 
 Grain size and porosity can be 
tailored 
 Can have poor 
radiation stability 
Surface-modified 
inorganics 
 High selectivity 
 Can have high surface areas 
(mesoporous substrates) 
 Granular forms possible 
 Radiation tolerance 
varies 
Coordination polymers  High selectivity 
 Can be porous (MOFs) 
 High surface areas 
 High capacity 
 Granulation necessary 
 Radiation tolerance 
varies 
Known inert matrix 
phases 
 Very high radiation tolerance  
 
Synthetic organic polymers are among the most versatile of materials and can 
be manufactured in a variety of morphologies including fibres, woven cloths, foams 
and importantly, granules or spheres [129]. The widespread use of organic resins 
[74] should be sufficient evidence that fabrication of porous polymer spheres is a 
relatively mature technology. They can often be carbonised, with retention of pore 
architecture, albeit with shrinkage. Since porous organic polymer spheres provide a 
ready source of carbon, they could be used as precursors for carbide-based materials, 
utilising a carbothermal reduction route and producing a porous granular texture by a 
direct template effect. 
Thus we may conceive of a polymer-derived porous, granular carbon sphere 
matrix, with metal carbide particles serving as the active sorbent. The liquid-solid 
extraction properties of metal carbides have been largely unstudied. While carbon is 
known to be affected by ionising radiation [130-132], the carbon framework would 
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merely serve as a support material and structural damage should be of little concern, 
provided of course, that its mechanical integrity holds. 
 
 Zirconium carbide 1.5
 
 Zirconium carbide (ZrC) is a refractory ceramic phase and binary interstitial 
compound with the NaCl-type cubic, closed pack structure (space group, Fm3m) 
[133], depicted in Figure 1.8. Notably, it has a high melting point, good thermal 
conductivity; good electrical conductivity, comparable to Zr metal itself; low thermal 
expansion co-efficient; and is extremely hard. These characteristics, which are listed 
in Table 1.4, are often dependent upon composition and test conditions. Other 
pertinent properties for nuclear applications include its low neutron adsorption cross-
sections in both thermal and fast neutron fluxes; and high radiation tolerance [134]. 
The potential nuclear applications of ZrC include as an inert matrix component in 
composite fuel for gas-cooled fast reactors [135]; and as oxygen-getter and proposed 
replacement coating for TRISO particles, given its superior properties to SiC, 
including higher thermal stability and better fission product retention [136, 137]. 
One very interesting property of ZrC is its ability to tolerate a wide variation 
in stoichiometry (ZrCx; x = 0.5–0.98), thus accommodating a high proportion of 
carbon vacancies in its crystal structure. C-to-Zr ratios of greater than unity, though, 
give rise to a graphite secondary phase. Stoichiometry has been found to have an 
impact on properties such as melting point, lattice dimension, thermal conductivity 
and electrical conductivity [134]. 
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Figure 1.8 The cubic structure of zirconium carbide (ZrC). Key: blue spheres, 
Zr; and grey spheres, C. Data from [138] was used. 
Table 1.4 Some basic physical properties of ZrC. 
Property Value Composition and/or conditions 
Melting point (K) 3149 ZrC1.0 
Thermal conductivity (W m
−1
 K
−1
) ~ 25 ZrC0.92 (1273 K) 
Electrical conductivity ( cm) ~ 45 ZrC1.0 (300 K) 
Thermal expansion coefficient (K
−1
) ~ 7.6 × 10
−6
 ZrC0.92 (273 – 1273 K) 
Indentation hardness (GPa) ~ 2.5 ZrC0.9 (1273 K, Vickers Method) 
 
ZrC has been prepared in a number of forms, including films or coatings 
[133, 139, 140], powders [141-143], fibres [144-147], macroporous foams [148] and 
monoliths [135, 149]. The traditional processing route involves carbothermal 
reduction of ZrO2, employing carbonaceous materials such as graphite [133, 150]; 
however, solution-based processing seems to be increasingly common. Sol-gel is an 
effective means of achieving atomic-scale mixing of reagents [141, 142, 146, 147, 
151-153] and can therefore result in lower processing temperatures. Other routes 
include self-propagating synthesis by direct reaction of Zr and C [135]; and 
magnesiothermic reduction [154, 155]. Chemical Vapour Deposition (CVD) 
methods, such as the direct reaction of Zr halides with hydrocarbons, or methane 
halides with Zr sponge, are well-suited to the production of ZrC films; these have the 
advantage of utilising O-free precursors [133, 139, 140]. To the best of our 
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knowledge, however, porous ZrC-based spheres, whether they be composites or 
pure-phase, have not so far been reported. 
There have been a number of radiation damage experiments on ZrC, which 
have been conveniently summarised in [134]. Two such studies are especially 
relevant and will be considered here. Gossett and co-workers investigated heavy ion 
irradiation using 4 MeV Au to simulate fast neutron irradiation (fluences of up to 5 × 
10
15
 cm
−2
). The specimens were hot-pressed ZrC with ~ 85% density and presumably 
stoichimetric ZrC. A swelling of 0.6% was observed, saturating at a fluence of 1 × 
10
14
 cm
−2
, which corresponds to a few displacements-per-atom (dpa). Also, some 
ZrO2 formation was observed on the surface. The authors concluded that the 
irradiation performance was similar to that of cubic metals [136]. Snead and co-
workers studied the performance of ZrC0.87 (> 98% density) in a fast neutron flux of 
1–10 × 10
25
 m
−2
 (> 0.1 MeV) and over the temperature range of 635–1480 °C. 
Notably, the swelling was found to be < 0.2%. Unidentifed small spot-like defects 
appeared from 660 °C, which grew in size with temperature, yielding Frenkel loops 
from 1023 °C, with prismatic loops appearing and predominating over the range 
1023–1260 °C. Prismatic loops alone, were seen at the highest temperature. In terms 
of thermo-mechanical properties, hardness increased measurably, while the elastic 
modulus and thermal conductivity decreased only slightly [137]. The results of these 
two studies confirm the high radiation stability of ZrC and the good prospects for its 
use in nuclear applications. 
 
 Project aims and scope 1.6
 
The main aim of this research project was to synthesise novel porous spherical 
adsorbents comprised of carbon and ZrC (or other related carbide phases), with pore 
characteristics facilitating column-based processing; and which could serve as 
possible transmutation targets, recyclable by virtue of adsorption/desorption 
processes. The specific aims were: (1) to synthesise, by a variety of methods, Zr-
organic polymer composites; (2) subject the as-produced composites to high 
temperature carbothermal reduction in order to form ZrC (and possibly other carbide 
phases); (3) thoroughly characterise their compositions, chemical and physical 
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structures; (4) investigate their solution phase adsorption properties; and (5) evaluate 
their potential as reusable transmutation targets. 
 The structure of this thesis is as follows. Chapter 2 broadly outlines the 
methods, including the preparation of materials and the instrumental techniques used 
for obtaining various data. Chapters 3–5 present three independent but related bodies 
of work pertaining to carbon-carbide composites derived from organic polymers and 
Zr, but produced by different methods. Finally, in Chapter 6, broader conclusions 
will be drawn on the significance of the results to the primary research question, that 
is, the possible utility of carbon-zirconium carbide composites as reusable 
transmutation targets.  
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2 GENERAL METHODS 
 
 Synthesis 2.1
 
Substrates for carbothermal reduction were produced by introducing Zr-containing 
precursors into or onto polymer frameworks. This can be broadly categorised into 
two approaches. In the first approach, three distinct methods used the gelation of 
PAN (Chapter 3) (Figure 2.1). In two of these methods, the porous polymer 
framework and Zr-containing structures were synthesised together in situ (co-
precipitation), while a third method employed infiltration of a preformed PAN sphere 
matrix with a Zr-containing solution. In the second approach, Zr precursors were 
adsorbed onto commercially-sourced functionalised cation and anion exchanger 
resins based on PS-DVB frameworks (Chapters 4 and 5). 
 
 
Figure 2.1 Chemical structure of polyacrylonitrile (PAN). 
 
2.1.1 Sphere production 
 
An external gelation approach was used for synthesis of PAN-based sphere 
materials. Handling of air- and moisture-sensitive reagents (including Zr precursors) 
was conducted in a MBRAUN LABMaster 130 nitrogen glove box or under nitrogen 
gas flow on a Schlenk line (Figure 2.2a and b). A solution of PAN in dimethyl 
sulfoxide (DMSO) was added dropwise into a paddle-stirred water bath. Zr 
precursors (zirconium(IV) chloride or zirconium(IV) propoxide) were also co-
dissolved for the co-precipitation routes. Droplet production was carried out either 
manually, using a syringe; or employing an in-house droplet generator for 
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automation (Figure 2.2c and d). The purpose-built droplet generator was constructed 
by Dr Erden Sizgek and is described in [156, 157]. The droplet generator employs a 
pressurisable chamber containing the PAN/DMSO precursor. Compressed air forces 
the precursor through a hose into a vibrating nozzle fitted with three needles. 
Parameters such as needle gauge, vibration frequency, etc., can be used to alter the 
droplet size. Sphere formation occurs because PAN is insoluble in water, but the 
DMSO solvent is water-miscible; diffusion of DMSO from the droplets into the 
water bath, or water into the droplet, causes precipitation of the spherical PAN 
particles. The resulting spheres were collected; washed with copious amounts of 
water to remove DMSO (Figure 2.2e); and dried at low temperature (< 35 °C), 
typically in a temperature-controlled chamber (Figure 2.2f). 
 
 
Figure 2.2 PAN sphere production. (a) MBRAUN LABMaster 130 nitrogen 
glovebox; (b) Schlenk line; (c) and (d), in-house droplet generator; (e) washing of 
PAN spheres after collection in a sieve; (f) temperature-controlled chamber used for 
drying of spheres at low temperature. 
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2.1.2 Ion exchange 
 
Loading of ion exchange resins was conducted in batch mode by agitating the resins 
together with Zr-containing aqueous solutions using a platform shaker (Figure 2.3a). 
A Büchner funnel/flask assembly was used for collecting, washing and air-drying the 
loaded resins, with suction provided by an Oakton aspirator pump (Figure 2.3b). 
Further drying was achieved with a vacuum oven (Figure 2.3c). 
 
 
Figure 2.3 Loading of resins by batch contact. (a) IKA
®
 Labortechnik KS 250 basic 
platform shaker; (b) Büchner funnel/flask assembly with Oakton aspirator pump; (c) 
Heraeus
®
 vacuum oven. 
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2.1.3 Thermal treatment 
 
2.1.3.1 Stabilisation 
 
In the case of PAN-based spheres, oxidative stabilisation of as-produced substrates 
was carried out to reduce carbon losses upon subsequent high temperature treatment. 
Heat treatment of PAN at low temperatures generates linear cyclised structures, often 
referred to as ladder polymers [158]. Previous studies have shown that thermal 
oxidation of PAN in air results in an aromatic structure with superior thermal 
stability (Figure 2.4), while heat treatment in an inert atmosphere produces a merely 
heterocyclic, but non-aromatic structure. These initial carbon structures are oxygen- 
and nitrogen-rich [159]. Subsequent high temperature treatment in inert or reducing 
environments tends to result in adjacent chains fusing together, producing a 
polyaromatic fused carbon ring system with gaseous evolution of oxygen and 
nitrogen substituents. This process would seem to be most efficient in more ordered 
systems; for example, in fabrication of high tensile strength carbon fibres from PAN, 
wherein the PAN fibres are stabilised under tension [160]. 
A Thermolyne™ Type 46200 high temperature furnace fitted with K-type 
thermocouple was used for stabilisation in air, utilising a slow ramp rate of 1 °C 
min
−1
 from room temperature up to 240 °C, with five hours dwell time. The furnace 
is shown in Figure 2.5. A shallow alumina dish was used to contain the PAN spheres 
and optimise contact with air. An alumina half-pipe was used as a shroud to shield 
the sphere materials from direct radiant heat from the furnace elements. 
 
 
Figure 2.4 General structure of air-stabilised PAN depicting the major O- and N-
containing functionalities (adapted from [158]). 
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Figure 2.5 Thermolyne™ Type 46200 High Temperature Furnace used for oxidative 
stabilisation of PAN spheres. 
 
2.1.3.2 Carbothermal reduction 
 
High temperature thermal treatment of the sphere precursors was conducted in such a 
way as to promote removal of O and the formation of carbide phases. A carburising 
environment was provided by a graphite boat with a graphite lid (Figure 2.6a) 
contained within an alumina tube furnace (Ceramic Engineering Manufacturers, 
Sydney, Australia) (Figure 2.6b), under a flow of reducing 3.5% hydrogen in argon 
gas mix (H2-Ar). The H2-Ar was supplied to the front of the tube at an outlet 
(regulator) pressure of 250 kPa and with a typical flow of 150 mL min
−1
. A water 
bubbler was connected to the outlet hose from the rear end cap; this was to regulate 
the pressure of the exiting gas. Prior to heating runs, the tube was purged for 30 
minutes at 1 L min
−1
 (equivalent to approximately 11 tube volumes) of reducing gas. 
The graphite lid included a 5 mm (internal diameter) hole permitting escape of 
gaseous products; ingress of reactive gas; and the equalisation of internal and 
external pressure. The crucible was also lined with graphite foil to provide a smooth 
surface, to prevent fusion of spheres to the crucible. The graphite boat and alumina 
tube were protected from mutual reaction, by support of the former on hollow 
alumina rods. The reducing gas environment served two purposes. First, it helped to 
protect the carbon boat from degradation caused by outgassing of oxygen by the 
 
59 
 
alumina tube and sample contained within; and second, it provided an additional 
reactive mechanism for removal of O. 
 
 
Figure 2.6 Equipment used for carbothermal reduction treatment. (a) Graphite boat, 
lid and alumina support rods; (b) Ceramic Engineering tube furnace; (c) Alumina-
sheathed K-type thermocouple with affixed baffles. 
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Accurate temperature control was assured by use of an internal B-type 
thermocouple (Pyrosales Pty Ltd, Sydney, Australia) placed centrally through the 
rear end cap and connected to a thermocouple read-out box. The thermocouple sat 
above the graphite boat; thus, the latter was constrained to be less than the tube 
radius in height. A F-type thermocouple of otherwise identical design is depicted in 
Figure 2.6c. The measured temperature was calibrated against the output temperature 
of the tube furnace. This was undertaken to correct for inevitable thermal losses; for 
example, from cooling effects of the gas flow. The thermocouple wire was sheathed 
with alumina to protect it from reaction with the reducing gas. Care was taken to 
place the graphite boat in the same position within the furnace hot zone throughout 
all heating runs, close to the end of the thermocouple. This was simply and 
effectively achieved by pushing the graphite boat into the furnace with a marked 
alumina rod. Baffles placed equidistant from the hot zone improved thermal 
insulation of the hot zone and aided in keeping the tube ends cool. The tube ends 
were also fan-cooled. 
The maximum attainable temperature in the tube furnace was 1375–1390 °C 
with some slight variation depending on conditions and hardware (e.g. different 
furnace elements). However, 1350 °C was found to be consistently achievable and 
was chosen as the standard temperature for carbothermal reduction. In this work, 
1350 °C heat treatment is implied unless explicitly stated otherwise; for example, in 
studies of temperature-dependent evolution of sphere structures (Chapters 4 and 5). 
Universally, the dwell time was 24 hours at any given temperature. A slow heating 
rate of 1 °C min
−1
 was employed as a precautionary measure to minimise thermal 
stress on the furnace tube and ensure its longevity. Likewise, the furnace was 
typically slowly warmed to 100–200 °C manually prior to applying the programmed 
run, in order to minimise thermal stress on the furnace elements. 
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 Characterisation 2.2
 
2.2.1 X-ray Diffraction (XRD) 
 
The lattices of crystalline materials diffract x-rays in predictable ways, yielding 
diffraction patterns from which constituent phases can be identified, by comparison 
with databases of known crystals. X-ray Diffraction (XRD) is therefore a powerful 
analytical technique [161]. Structural refinement, via the Rietveld method, permits 
fitting of structural models to the diffraction data, which in turn allow calculation of 
structural parameters, such as unit cell dimensions, bond angles, strain, crystallite 
size, stoichiometry, vacancies, occupancies, etc.; and importantly, quantitative phase 
analysis [162, 163]. Characterisation using Powder XRD has been employed in this 
work because of the possible formation of carbides or other crystalline phases such 
as oxides. The XRD pattern for ZrC is shown in Figure 2.7a, as an example. The 
sample preparation was as follows. A XRD sample holder with zero background 
silicon (cut off-axis) sample insert was used. The sample material was crushed; and 
then ground into a fine powder with an agate mortar and pestle. A small portion was 
agitated with ethanol on the silicon insert surface, forming a slurry. Upon settling of 
the powder and evaporation of ethanol, a suitably flat sample surface was thus 
created. All XRD patterns were acquired with a PANalytical X’Pert PRO X-Ray 
Diffractometer (Figure 2.7b), using standard Cu K-α radiation and 2θ geometry. 
 
2.2.2 Optical macroscopy/microscopy 
 
A Wild M400 optical macroscope was used to collect images of whole beads 
(Chapters 3–5) (Figure 2.8a), while a Zeiss Axioplan optical microscope was used 
for examination of the internal macropore structures of the PAN-based materials 
(Chapter 3) (Figure 2.8b). For the latter, samples were set in resin (Figure 2.8c). The 
resin matrix was ground through to expose the inner sample structure (Figure 2.8d) 
and the ground resin surface finely-polished to reveal structural detail (Figure 2.8e). 
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Figure 2.7 Powder XRD. (a) XRD pattern for ZrC; (b) PANalytical X’Pert PRO X-
Ray Diffractometer. 
 
 
 
 
Figure 2.8 (a) Wild M400 optical macroscope; (b) Zeiss Axioplan optical 
microscope; (c) example of a PAN-based sphere material set in resin; (d) and (e) 
Struers mechanical grinding and polishing units, respectively. 
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2.2.3 Electron microscopy 
 
Electron microscopy techniques, Scanning Electron Microscopy (SEM) and 
Scanning Transmission Electron Microscopy (STEM), can furnish structural detail at 
much smaller length scales than optical macroscopy/microscopy and also provide 
compositional information (Energy Dispersive Spectroscopy or EDS) [164]. SEM 
was used for imaging of the sample microstructure in resin-set PAN-based spheres 
(Chapter 3), as well as imaging of the internal pore structures in fractured specimens 
of the ion exchange resin-based materials (Chapters 4 and 5). The Zeiss UltraPlus 
SEM used for image acquisition is shown in Figure 2.9a. STEM was used in 
conjunction with EDS (STEM-EDS) to correlate microstructure with composition, 
thus yielding maps of elemental distributions within these same materials (Chapters 4 
and 5). This was especially useful for studying metal adsorption onto the sphere 
materials. The JEOL 2200FS STEM is shown in Figure 2.9b. Examples of EDS 
spectra are also depicted (Figure 2.9c). 
 
 
2.2.4 Porosimetry 
 
Porosity is an intrinsic property of the fabricated sphere materials in this project and 
is of practical important because of its relation to surface area and intraparticle 
diffusion. Quantification of the different pore regimes was undertaken with two 
complementary porosimetry techniques, as detailed below. According to the IUPAC 
definitions, these are broadly classed as micropores (< 2 nm), mesopores (2–50 nm) 
and macropores (> 50 nm) [165]. While both of these techniques can be used to 
address open (accessible) porosity, they cannot quantify closed porosity. In this 
project, however, only open porosity was relevant. 
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Figure 2.9 (a) Zeiss UltraPlus SEM; (b) JEOL 2200FS STEM; and (c) an example of 
STEM-EDS applied to analysis of two different regions in a sample. 
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2.2.4.1 Gas Porosimetry 
 
The widely used porosimetry technique, Gas Porosimetry, utilises the interactions of 
gas molecules with a solid surface (physisorption). Usually, nitrogen gas is used as 
the adsorbate (i.e. Nitrogen Porosimetry) at liquid nitrogen temperature (77 K, −196 
°C), although other adsorbates such as argon and krypton are also known. The 
sample surface is first cleaned of existing adsorbed molecules (degassed) using a 
combination of heating and either evacuation or inert gas flow. As the sample is 
dosed with adsorbate gas, micropores are filled first, with subsequent surface 
coverage of mesopores and small macropores. The presence of large macropores can 
be inferred, but not usually measured because of the difficulty in achieving complete 
filling. The latter two pore types can also exhibit multi-layer surface adsorption. An 
example of a nitrogen adsorption-desorption isotherm for hierarchically porous PAN 
beads is shown in Figure 2.10a. Pore size, pore volume and surface area information 
can be extracted from isotherm data using appropriate adsorption models [166]. 
Measurements were performed with a Micromeritics ASAP™ 2020 Surface Area 
and Porosity Analyser (Figure 2.10b). This instrument was available in our 
laboratory and is capable of quantifying micropores. Samples were degassed by 
heating under vacuum. 
 
 
 
Figure 2.10 (a) Nitrogen adsorption-desorption isotherm of as-produced PAN 
spheres; (b) Micromeritics ASAP™ 2020 Surface Area and Porosity Analyser. 
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2.2.4.2 Mercury Intrusion Porosimetry 
 
Mercury Intrusion Porosimetry (MIP) complements Nitrogen Porosimetry, because 
large macropores can be measured, which is difficult or impossible with the latter 
technique. It works on the principle that liquid mercury can be forced into the pore 
system of a sample in direct contact, by the application of external pressure. As the 
Washburn equation indicates (Equation 2.1), the pressure difference required for 
intrusion is inversely proportional to the pore radius. 
 
∆𝑃 = 2𝛾
cos 𝜃
𝑟𝑝𝑜𝑟𝑒
  (Equation 2.1) 
 
where ΔP is the pressure difference,  is the surface tension of mercury, θ is the 
contact angle and rpore is the pore radius. Contrasting Nitrogen Porosimetry, in which 
pores are successively-filled from smallest to largest, irrespective of their location in 
the sample, mercury intrusion only occurs when there is sufficient pressure to permit 
entry into a given pore opening. Thus, insight can be gained of the order of entry 
points to a pore system [167]. The Micromeritics Autopore™ IV Mercury 
Porosimeter used to perform measurements, is shown in Figure 2.11. 
 
 
Figure 2.11 Micromeritics AutoPore™ IV Mercury Porosimeter (image 
credit: Micromeritics). 
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2.2.5 Thermogravimetric Analysis (TGA) 
 
A destructive characterisation technique, Thermogravimetric Analysis (TGA) 
involves the accurate measurement of weight loss or gain as a temperature gradient is 
applied to a sample. It can therefore provide information about the chemical 
components of a system with dissimilar thermal stabilities or volatilities, such as 
loosely-bound water, organic content or refractory inorganic content. Various carrier 
gases are possible including inert gases (nitrogen, argon) and reactive gases 
(hydrogen in argon mix, hydrogen in nitrogen mix and air). Often a Differential 
Thermal Analysis (DTA) capability is incorporated, allowing heat flow measurement 
and thus discernment of whether a given change is exothermic or endothermic. The 
latter information can be used to correlate with weight loss or gain or to deduce 
phase transitions [168]. For this work, TGA with air carrier was used for quantifying 
the Zr loading of polymer substrates and evaluating thermal stabilities of the various 
composite sphere materials. The instruments used are shown in Figure 2.12a and b. 
 
 
Figure 2.12 TGA instrumentation. (a) TA Instruments Q500 mass analyser (image 
credit: TA Instruments); (b) Seiko Instruments Inc. EXSTAR6000 thermal analyser. 
 
2.2.6 Spectroscopy 
 
The IR and Raman Spectroscopy techniques can provide useful information on 
bonding, especially in organic molecules. Both utilise the vibrational and rotational 
modes of molecular bonds and accordingly, different bond types can be identified by 
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their characteristic wavelengths/frequencies [169, 170]. Fourier Transform-Infrared 
Spectroscopy (FT-IR) has been used in this work to identify bonding between carbon 
and heteroatoms in the carbon phases (Chapter 3) (Figure 2.13a), while Raman was 
used for characterisation of bonding in the carbon frameworks of the composite 
sphere materials (Chapters 3–5) (Figure 2.13b). For example, aromatic (sp
2
-
hybridised) carbon exhibits characteristic D (disorder) and G (graphite, breathing 
mode) peaks in its Raman spectrum. Carbon in-plane crystallite size was calculated 
from these peaks using a general formula accounting for the laser wavelength [171]: 
 
𝐿𝑎 = (2.4 × 10
−10)𝜆𝑙𝑎𝑠𝑒𝑟
4 (
𝐼𝐷
𝐼𝐺
)
−1
  (Equation 2.2) 
 
where La is the in-plane crystallite size (nm), λlaser is the laser wavelength (nm), ID is 
the D peak intensity and IG is the G peak intensity. 
 
 
Figure 2.13 (a) Nicolet Nexus 8700 FT-IR spectrometer; (b) Renishaw inVia™ 
Raman microscope (image credit: Renishaw). 
 
2.2.7 Mechanical testing 
 
Compressive testing of whole individual spheres was conducted using an Instron 
5967 mechanical testing unit fitted with a 500 N load cell (Figure 2.14) at a slow 
compression rate of 0.01 mm min
−1
. The testing configuration consisted of two metal 
flats (stationary surface and load cell). A metal ring (also shown) was placed around 
the test area for quality control purposes, so that it could be verified that the 
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specimen had not dislodged during the test. The presence of crushed sample residue 
was also confirmed by visual inspection. 
 
 
Figure 2.14 Instron 5967 mechanical testing unit fitted with 500 N load cell. 
 
2.2.8 Chemical analysis 
 
2.2.8.1 Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) 
 
The ICP-MS technique is now routinely used for solution-based analysis of trace-
level metal concentrations, as well as those of some metalloids and non-metals. 
Direct sampling of solids, for instance using laser ablation, although much less 
common, is also known. Although technically a sequential technique, concentrations 
of a large number of analytes for a single sample can be determined in minutes. For 
many elements, ICP-MS can provide quantitation at sub-ppb levels. Its general 
principle of operation involves the introduction of liquid sample into a nebuliser, 
which produces fine solution droplets within a spraychamber which are, in turn, 
directed into an argon inductively-coupled plasma, housed within a plasma torch. 
Singly-charged monotomic ions are generated in this plasma, which are subsequently 
sampled at the interface region containing cones; focussed with ion optics; and 
 
70 
 
separated according to mass-to-charge ratio (m/z) by a mass filter, typically a 
quadrupole. The ion intensities are quantified by a detector. Accordingly, isotopic 
abundance information can also be extracted [172].  
Due to its all-round excellent performance with a diverse range of analytes, 
ICP-MS was indispensible in this work for quantifying elemental concentrations in 
adsorption experiments. A mass spectrum can be obtained (Figure 2.15a), however, 
this is time-intensive; data are usually routinely acquired (as in this work) in a peak-
hopping mode, where only the ion intensities of the masses of interest are measured. 
For the measurements in this research project, conventional quadrupole ICP mass 
spectrometers (peak resolution 0.7–0.8 amu at 10% peak height) were used; the 
Analytik Jena 820-MS and Agilent 7900 ICP-MS instruments are shown in Figure 
2.15b and c, respectively. These utilise modern and typical sample introduction 
components including concentric glass Micromist
®
 nebulisers, glass Scott-style spray 
chambers, glass injector-torch assemblies and Ni- or Pt-tipped cones. The sample 
introduction system of the Agilent 7900 is shown in Figure 2.15d. Sampling was 
automated with autosampler modules. After a daily warm-up period of 30 minutes to 
one hour, each instrument was optimised. These optimisation tasks included, for 
example, torch position fine-adjustment for maximum sensitivity; mass calibration; 
and minimisation of oxide and doubly-charged ion interferences.  
A multi-standard external calibration approach was employed, typically 
covering the range of 0.1–500 ppb. Standards were prepared from NIST-traceable 
certified ICP-MS-quality multi-element mixes (High Purity Standards, USA). The 
matrix used for dilution of all standards and samples was 2% HNO3, prepared from 
high purity 69% HNO3 (usually Tracepur
®
, Merck) diluted into 18.2 MΩ.cm Milli-
Q
®
 high purity water. An HNO3 matrix is considered optimal for ICP-MS, because it 
provides low pH conditions for stabilisation of metals in solution; is readily available 
in high purity; and causes fewer spectral interferences. 
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Figure 2.15 ICP-MS instrumentation. (a) An example of an ICP mass spectrum with 
peaks for 
89
Y, 
103
Rh, 
115
In, 
159
Tb, 
209
Bi and 
232
Th; (b) and (c), Analytic Jena (formerly 
Varian) 820-MS and Agilent 7900 ICP mass spectrometers, respectively; and (d) 
sample introduction system of Agilent 7900 ICP mass spectrometer. Key: (1) 
concentric glass nebuliser; (2) PTFE end cap; (3) Peltier-cooled glass spray chamber; 
(4) glass transfer tube; (5) quartz injector/torch; (6) load coil; (7) sampler cone. 
 
Independently-sourced ICP-MS-quality multi-element mixes (O2Si, USA) 
were analysed as quality control samples throughout each run and at least every 20 
samples. Blank samples were also routinely analysed to verify the absence of carry-
over effects. These were measured immediately after the highest concentration 
standard was analysed and routinely thereafter, together with quality control samples. 
Internal standardisation is a virtually universal practice for correction of 
analyte sensitivity changes; these include, for example, matrix-based differences in 
sample viscosity resulting in variable nebulisation efficiency; and analytical drift. 
The sample is accurately spiked with a solution of internal standard elements, whose 
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intensities are also measured concurrently with the analyte signals. The internal 
standards chosen are usually matched with analytes according to mass [172]. Ideally, 
the internal standard should be monoisotopic for maximum sensitivity; not subject to 
spectral interferences; and above all, not already contained in the sample. The 
internal standards used in this project were: 
7
Li (or later, 
9
Be), 
45
Sc, 
89
Y, 
103
Rh, 
115
In, 
159
Tb, 
209
Bi and 
232
Th. An interpolation (or “virtual”) internal standardisation 
methodology was employed throughout, in which instrument software interpolate the 
correction applicable from the recoveries of the two nearest internal standards 
bounding the analyte in mass. The resulting internal standard signal (I) is used to 
normalise the analyte signal (A) and so the ratio (A/I) is plotted against 
concentration. The calibration curve is the line (or sometimes polynomial) of best fit 
determined by a least squares method.  
 
2.2.8.2 Neutron Activation Analysis (NAA) 
 
Neutron Activation Analysis (NAA) is a sensitive technique for the elemental 
analysis of solids. Samples are irradiated with thermal neutrons and the activation 
products subsequently measured with Gamma Spectrometry. Elemental 
concentrations are back-calculated from the radioactivities of the activation products, 
given known irradiation flux and time. Importantly, samples can be irradiated as-
received, making dissolution unnecessary, which is advantageous for chemically 
resistant or inert materials. In principle, it is also a non-destructive technique 
permitting sample recovery post-analysis, which is very useful, for example, for the 
analysis of historical artifacts; although, the specimens may be highly-radioactive for 
a time!  
The NAA technique has been utilised in this work due to the anticipated 
chemical inertness of the synthesised materials and the technique’s very useful 
general applicability to a wide range of elements. Irradiation and analysis was 
undertaken at the OPAL Research Reactor, Lucas Heights, Australia (Figure 2.16a 
and b). 
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Figure 2.16 (a) Open Pool Australian Lightwater Reactor (OPAL) at Lucas Heights, 
Australia (image credit: ANSTO); (b) Neutron Activation Scientist, Mr Attila Stopic, 
performing Gamma Spectrometry measurements on neutron-activated samples 
(image credit: ANSTO). 
 
2.2.8.3 Microanalytical techniques 
 
Analysis of non-metallic elements in the sphere materials was mainly undertaken 
with microanalysis techniques, which typically thermally decompose the sample and 
quantify the evolved products. C, N, H are readily determined in non-refractories 
(e.g. organics) by combustion of the sample and subsequent measurement of the 
combustion products (CO2, NO2 and H2O) by gas chromatography. This was 
employed for estimation of PAN content in as-produced spheres and determination 
of composition of polymer-derived carbon samples (Chapter 3). The Carlo Erba 1106 
instrument used for this analysis is depicted in Figure 2.17a. Specialised high 
temperature instruments are commercially available for analysis of refractory 
materials, including elements such as O, N and H. In this project, this latter 
instrumentation has been employed for O, N analysis of the microspheres in Chapters 
4 and 5. The LECO TCH600 used is shown in Figure 2.17b. 
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Figure 2.17 Microanalytical instrumentation. (a) Carlo Erba 1106 (image credit: 
Institute of Petrochemistry and Catalysis, Russian Academy of Sciences) and (b) 
LECO TCH600 (photo used with permission from LECO Corporation). 
 
 Adsorption studies 2.3
 
2.3.1 Adsorption procedures 
 
Liquid-solid extraction properties are often investigated via static (batch) or dynamic 
(column) tests. Column experiments are the logical end-point for porous granular 
adsorbents and should provide insight into performance under deployment 
conditions. In this work, however, testing regimes were limited to batch contact for 
the sake of simplicity. Batch tests are commonly executed by varying parameters 
such as adsorbate (selectivity), pH (pH dependence/profile), time (kinetics), dose of 
adsorbate (capacity) and temperature (thermodynamics).  
Adsorbate solutions were prepared from metal salts dissolved in 18.2 MΩ.cm 
Milli-Q
®
 high purity water. Solution pH adjustments were carried out with stirring 
provided by a magnetic hotplate stirrer (Figure 2.18a) and using an ion selective pH 
electrode and meter (Figure 2.18b). Solid-liquid mixtures were agitated to facilitate 
homogenisation and this was carried out using a platform shaker (IKA
®
 
Labortechnik, Germany) (Figure 2.3a, presented earlier). For temperature 
dependence studies, a temperature-controlled platform shaker oven (WTC Binder, 
Germany) was used (Figure 2.18c). Identical 7 mL (brim) polypropylene cylindrical 
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vials were employed for pH dependence, kinetics, capacity and thermodynamics 
(Figure 2.18d). Supernatant volumes were kept constant throughout any given 
experiment, in order to maintain identical vial headspaces and ensure that any pH 
changes resulting from dissolution of atmospheric CO2, did not skew the results. 
Contact experiments were usually performed in triplicate, with the notable 
exceptions of capacity and reuse. Metal concentrations were measured by ICP-MS, 
as detailed earlier. 
 
 
 
Figure 2.18 Adsorption experiments and pH adjustment. (a) magnetic hotplate stirrer; 
(b) Radiometer PHM240 pH meter and ion selective pH electrode; (c) WTC Binder 
BFED-53 platform shaker oven; (d) 7 mL polypropylene vial used for contact 
experiments. 
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2.3.2 Design principles 
 
It is hoped that the reader can appreciate the vast number of combinations of 
experimental conditions possible. In performing an adsorption experiment, the 
variation of a single parameter is sought, while keeping all other parameters at 
constant, albeit arbitrary values. 
The pH dependence was investigated by contacting solids with metal 
solutions of different pH values and keeping both concentration and volume-to-mass 
ratio (V/m) constant. The solution pH was defined as the final pH after a period of 
aging. 
Kinetic measurements were performed by keeping initial concentration and 
V/m constant and varying the contact time. Metal concentrations were kept low to 
ensure that capacity effects did not come into play, i.e., the number of adsorbate 
particles presented to a given material were much fewer than the number of available 
adsorption sites. 
Capacity measurements were achieved by constructing adsorption isotherms, 
relating uptake to dose. Altering the dose can achieved by either varying volume-to-
mass ratio (V/m) (i.e. constant initial concentration) or initial concentration (constant 
V/m). The former approach was adopted for two reasons: (1) it permits use of a 
single solution, which ensures that the initial solution composition is identical for all 
measurements; and (2) preparing a single solution requires less labour. 
Thermodynamics experiments were executed by varying the temperature, 
while keeping initial concentration and V/m constant.  
Reuse was demonstrated by adsorption-desorption cycling, effected by 
varying acid concentration. In one instance (Chapter 3), the solid-liquid mixture was 
pH adjusted. In the other (Chapter 4), the solid was separated and contacted with 
fresh solutions; and washed between cycles, to remove acidity from the material. 
 
2.3.3 Calculations 
 
Values of extraction (%), equilibrium uptake (qe) and time-dependent uptake (qt) 
were calculated using Equations 2.3–2.5. 
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𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%)  =  
𝐶𝑖 − 𝐶𝑒
𝐶𝑖
× 100  (Equation 2.3) 
 
𝑞𝑒 =  
(𝐶𝑖 − 𝐶𝑒)𝑉
𝑚
  (Equation 2.4) 
   
𝑞𝑡 =  
(𝐶𝑖 − 𝐶𝑡)𝑉
𝑚
  (Equation 2.5) 
 
where Ci is initial concentration (mg L
−1
), Ce is equilibrium concentration (mg L
−1
), 
Ct is concentration (mg L
−1
) at time t, qe is the equilibrium amount adsorbed (mg 
g
−1
), qt is the amount adsorbed (mg g
−1
) at time t, V is volume (L) and m is mass of 
sorbent (g). 
Adsorption isotherm data are commonly fitted with models to compute the 
adsorption capacity. The Langmuir model (Equation 2.6) assumes monolayer 
adsorption and that all adsorption sites are energetically equivalent. The Freundlich 
model (Equation 2.7) is an empirical model that permits multi-layer adsorption and 
non-equivalent binding sites. Its linearised form is given in Equation 2.8. 
 
𝐶𝑒
𝑞𝑒
=
1
𝑏𝑞𝑚𝑎𝑥
+
𝐶𝑒
𝑞𝑚𝑎𝑥
  (Equation 2.6) 
 
𝑞𝑒 = 𝐾𝑓𝐶𝑒
1
𝑛⁄   (Equation 2.7) 
 
ln 𝑞𝑒 = ln 𝐾𝑓 +
1
𝑛
ln 𝐶𝑒  (Equation 2.8) 
 
where Ce is the equilibrium concentration (mg L
−1
), qe is the amount of adsorbate 
adsorbed per amount of sorbent at equilibrium (mg g
−1
) and b, qmax, Kf and n are 
constants [173]. These models were fitted to the isotherm data with linear regression 
using Microsoft Excel 2010 software. For the Langmuir model, Ce/qe was plotted 
against Ce; and for the Freundlich model, ln qe was plotted against ln Ce. The 
constants were computed from the slopes and intercepts of the lines of best fit.  
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Similarly, adsorption kinetics data were modelled using the pseudo-second-
order rate equation, which is commonly applicable to adsorption of metals on solid 
materials (Equation 2.9). Its linearised form is given in Equation 2.10. 
 
𝑑𝑞𝑡
𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)
2  (Equation 2.9) 
 
𝑡
𝑞𝑡
=
1
𝑘2𝑞𝑒2
+
𝑡
𝑞𝑒
  (Equation 2.10) 
 
where qt is the amount of adsorbate adsorbed per amount of sorbent at time t (mg 
g
−1
), qe is the amount of adsorbate adsorbed per amount of sorbent at equilibrium 
(mg g
−1
); and k2 is the pseudo-second-order rate constant [174]. t/qt was plotted 
against t and the line of best fit determined by linear regression. The constants were 
computed from the slope and intercept. 
Thermodynamic information can be extracted by measuring the distribution 
constant (Kd) (Equation 2.11) as a function of temperature. The Kd is a mass-
weighted partition coefficient and is related to the thermodynamic parameters ΔS
°
 
(entropy) and ΔH
° 
(enthalpy) by Equations 2.12; the latter two are related to ΔG
° 
(Gibbs free energy) by Equation 2.13. 
 
𝐾𝑑 =  
𝐶𝑖  −  𝐶𝑒
𝐶𝑒
 ∙  
𝑉
𝑚
 
 (Equation 2.11) 
 
ln 𝐾𝑑 =  
∆𝑆°
𝑅
 − 
∆𝐻°
𝑅𝑇
 
 (Equation 2.12) 
 
∆𝐺° =  ∆𝐻° − 𝑇∆𝑆°  (Equation 2.13) 
 
where Kd is the distribution coefficient, Ci is the initial concentration (mg L
−1
) Ce is 
the equilibrium concentration (mg L
−1
), V is the volume (mL), m is the mass of 
sorbent (g), R is the universal gas constant (8.314 J mol
−1
 K
−1
), T is the absolute 
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temperature (K), ΔS
°
 is the entropy (J K
−1
 mol
−1
), ΔH
°
 is the enthalpy (J mol
−1
) and 
ΔG
°
 is the Gibbs free energy (J mol
−1
) [175]. Plotting ln Kd against 1/T, linear 
regression was performed to determine the line of best fit. ΔS
°
 and ΔH
°
 were thus 
calculated from the slope and intercept. The ΔG
°
 values at each temperature were 
then calculated by imputing ΔS
°
 and ΔH
°
 values into Equation 2.13 above.  
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3 HIERARCHICALLY POROUS POLYACRYLONITRILE-TEMPLATED 
CARBON-ZIRCONIUM CARBIDE SPHERES 
 
 Introduction 3.1
 
Solvent extraction remains the dominant technology for partitioning of liquid nuclear 
waste streams, however, inorganic sorbents do occupy a unique niche in radioactive 
waste management, wherein they are commonly employed for the selective removal 
of Cs, Sr and other intermediate-lived fission products from liquid radioactive waste 
streams [58]. These radionuclides significantly contribute to the total radiotoxicity in 
the short-to-medium term [3]. Aside from the obvious benefit of smaller waste 
volumes, which offer potential saving in long-term disposal costs associated with 
storage, these inorganic materials exhibit superior radiation stability over organic-
based extractants [59-62]. 
The typically fine particle sizes of inorganic sorbent materials present a 
practical obstacle to their direct deployment in columns. This is due to column 
plugging, which leads to impeded flow. For column use, a porous granular texture is 
ideal, as it permits percolation both through and around the column material. One 
practical solution to this problem is to prepare an inorganic sorbent in a granular 
composite form, using a porous matrix as the support.  
A range of organic and inorganic granulation matrices are known [63, 176], 
but PAN has been a well-known and popular choice. Stoy and co-workers originally 
proposed the use of PAN as a universal granulation matrix [177] and this was further 
developed by Šebesta [178]. One attractive property of the PAN-based sphere system 
is a large radial macropore structure, providing efficient mass transport through the 
composite adsorbent. A PAN-granulated sorbent has been shown to possess faster 
kinetics than similar-size particles of the pure sorbent, which can be attributed to this 
characteristic. Although PAN is not immune to radiation damage effects, it can 
withstand high cumulative radiation doses, allowing for many reuses [63]. 
As a support, PAN is indeed versatile and has been used to create granular 
forms of a wide variety of substances. These include inorganic ion exchangers such 
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as zeolites [179, 180], ferro- and ferricyanides [176], Mo-doped sodium tungstate 
[181, 182], sodium titanate [176], AMP [68, 183-186], sodium titanosilicate [187], 
metal oxides, hydrous oxides, sulphides, phosphates and antimonates [176, 188]; 
nuclear-relevant organic extractants, TBP [189], CMPO [190-192], 1-
hydroxylethylene-1,1-bis-phosphonic acid (HDEHP) [193], malonamides [194] and 
Aliquat
®
 336 [195, 196]; activated carbon [176]; biological products, such as 
peptides [197], enzymes [198-201], microbes [202-204] and algae [205-211]; and 
carbon nanotubes [212]. The PAN structure itself can be modified to impart 
adsorption properties [213-222] and augmented with additional porosity via 
mesoporous coatings [223]. The porous PAN structure has been used as a sacrificial 
template for the production of porous metal oxide beads by calcination [105, 224, 
225]. Especially relevant for the current work, a PAN-oxide composite can be 
carbonised with retention of the pore architecture of the PAN template [226]. This 
chapter, which is based on our published paper [227], explores the carbothermal 
reduction of PAN-ZrO2 composites with the goal of conversion of ZrO2 into ZrC, 
thus producing a hierarchically porous carbon-ZrC composite. ZrC has properties 
well-suited to nuclear applications [134]. 
The most widely-used medical radioisotope in the world is 
99m
Tc, featuring in 
approximately 85% of diagnostic procedures. It is impractically short-lived (1/2 = 
6.00 h) to be directly produced. Rather, 
99m
Tc is selectively eluted from generators 
(usually alumina columns) loaded with its parent radionuclide, 
99
Mo (1/2 = 66.0 h), 
which undergoes beta decay to form 
99m
Tc (Reaction 3.1) [228]. 
 
𝑀𝑜 →  𝑇𝑐99𝑚99 +  𝛽− +  ̅𝑒  (Reaction 3.1) 
  
99
Mo is chiefly synthesised by two main methods. The first method uses 
neutron activation (accumulation) of 
98
Mo, in the form of 
98
Mo-enriched targets 
(Reaction 3.2); Typically oxides or metals are irradiated. While the accumulation 
route does not produce as much waste, it does yield a lower specific activity 
99
Mo 
product containing non-radioactive 
98
Mo carrier [124, 229].  
 
𝑀𝑜 + 𝑛 →  𝑀𝑜9998 +  𝛾  (Reaction 3.2) 
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The second method is the fission route using neutron irradiation of 
235
U-
enriched targets and is more widely-used probably because of the higher specific 
activity 
99
Mo product. The nature of this fission reaction is that a large assortment of 
fragments are produced; and multiple decay paths may lead to 
99
Mo. Therefore, no 
comprehensive set of reactions can be given. However, it is often expressed as in 
Reaction 3.3 [229]. Because of nuclear proliferation concerns, use of Low Enriched 
Uranium (LEU) (i.e. < 20% enrichment) is encouraged [228].  
 
𝑈 (𝑛, 𝑓) 𝑀𝑜99235     (Reaction 3.3) 
 
Due to fission heat generation and the consequent risk of volatilisation of 
99
Mo product, targets for the fission route are usually intermetallics consisting of 
metallic uranium layers interleaved with a diluent, such as aluminium, which aids in 
heat conduction. The irradiated target plates are dissolved in strong acid or base and 
the 
99
Mo separated and purified. This diluent material contributes significantly to the 
total waste generated [124, 229]. However, a reusable and insoluble target might 
offer a means of reducing the waste production of the fission route, by elimination of 
this diluent material, provided that the said matrix exhibits suitable heat dissipation 
properties. 
The primary goals of the present work were to exploit PAN spheres as a 
carbon structural template; and to prepare radiation-tolerant and neutron-transparent 
ZrC in situ as a supported phase, thus yielding composites to serve as potential 
reusable porous transmutation target materials. 
 
 Experimental 3.2
 
3.2.1 Materials 
 
All reagents were used as received without further purification. Polyacrylonitrile 
(PAN) powder was sourced from Yongyi Chemicals, Jiangsu, China. Anhydrous 
dimethyl sulfoxide (DMSO) (99.9%), anhydrous ethanol (> 99.5%), Pluronic
®
 F-
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127, zirconium(IV) propoxide (70 wt% solution in 1-propanol), zirconium(IV) 
chloride (ZrCl4, > 99.5%), sodium molybdate dihydrate (Na2MoO4.2H2O, > 99.5%), 
caesium nitrate (CsNO3, 99.999%) and strontium nitrate (Sr(NO3)2, 99.995%) were 
obtained from Sigma Aldrich, Australia. Depleted uranyl nitrate hexahydrate 
(UO2(NO3)2.6H2O) was obtained in-house and its purity (> 99%) confirmed by ICP-
MS. Analytical grade 25 wt% aqueous ammonia, and trace metal analytical grade 
69% HNO3 were both sourced from Merck, Australia. Analytical grade 50 wt% 
aqueous NaOH was obtained from Fluka Chemicals, Australia. Instrument air and 
3.5 mol% H2-Ar gas mix were obtained from Coregas, Australia. Milli-Q
®
 high 
purity water (18.2 MΩ.cm) was used for all adsorption experiments. 
 
3.2.2 Synthesis 
 
3.2.2.1 4 wt% PAN / DMSO precursor 
 
A 4 wt% PAN solution in DMSO was prepared as follows. In the open air, 40 g of 
PAN powder was added to a round-bottomed flask containing 960 g of anhydrous 
DMSO and the mixture vigorously stirred, initially forming small-sized clumps of 
PAN suspended in the DMSO. Dissolution was achieved by magnetically stirring the 
mixture on a hot water bath (~ 50 °C) for up to 24 hours. During this dissolution 
process, the flask was connected to a Schlenk line and continuously purged with 
nitrogen gas. Aside from subsampling of fresh DMSO from a MBRAUN 
LABMaster 130 nitrogen glovebox, no other measures were taken to exclude air 
from the mixture. 
 
3.2.2.2 Alkoxide infiltration route 
 
To a fresh solution of 4 wt% PAN in DMSO, Pluronic
®
 F-127 was added (in weight 
proportion of 0.95 DMSO/PAN solution to 0.05 Pluronic
®
 F-127) and dissolved with 
stirring. Preparation of PAN beads were carried out with an in-house droplet 
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generator [156, 157] by addition of the PAN/DMSO/F-127 solution dropwise to a 
paddle-stirred gelation bath consisting of 4 L of deionised water and 0.5 mL of 10 
wt% Pluronic
®
 F-127 solution. This was conveniently conducted in a large beaker. 
Stirring was continued for several minutes after the PAN/DMSO solution was 
consumed. Spherical-shaped PAN beads formed as the water-miscible DMSO 
dissolved in the water. These spheres were collected and thoroughly washed with 
deionised water to remove residual DMSO and surfactant. The washed spheres were 
dried to constant weight at low temperature ( < 35 °C). 
In a MBRAUN LABMaster 130 N2 glovebox, a series of zirconium(IV) 
propoxide/ethanol solutions with different compositions (5, 10, 25 and 50 wt% of 
zirconium(IV) propoxide, 70 wt% solution in 1-propanol) were prepared by gentle 
magnetic stirring. Each solution was transferred to a round-bottomed Schlenk flask 
and sonicated for 30 minutes. 
Pre-dried PAN beads were further dried in an Heraeus
®
 vacuum oven 
(Thermo Electron, Germany) at 60 °C for five days. The dried spheres were then 
added to a glass round-bottomed flask connected to a Schlenk line; the latter was 
then pre-purged with N2. The flask was evacuated for one hour and the 
alkoxide/ethanol infiltration solution introduced through a septum via a canula, 
connecting the receiving flask to another flask containing the precursor. During this 
process, a dynamic vacuum in the receiving flask containing the spheres was 
maintained, which caused the infiltration solution to syphon across through the 
canula. Once transfer was completed, evacuation was continued for 15 minutes more 
and the receiving flask backfilled with N2, which caused most spheres to sink. The 
sealed flask was removed from the Schlenk line and sonicated for 10 minutes. The 
infiltrated spheres were collected under suction on Büchner funnel/flask assembly in 
the open air and air dried by the same for two hours. Hydrolysis of the alkoxide 
reagent (to form nominally ZrO2), was carried in a temperature-controlled humidity 
chamber at 40 °C and 50% relative humidity. 
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3.2.2.3 Halide co-precipitation route 
 
In 50 mL laboratory bottles, different amounts of ZrCl4 (0.75, 1.25, 1.75 and 2.25 g), 
20 mL of 4 wt% PAN in DMSO solution was added to each, respectively. An 
exothermic reaction proceeds on addition, so it was preferable to add the solution all 
in one go, to quench the evolved heat with excess liquid and prevent decomposition. 
Decomposition, when it occurred, was evident from yellowing of the normally 
cream-coloured ZrCl4. The ZrCl4 was freshly subsampled from a MBRAUN 
LABMaster 130 nitrogen glovebox for subsequent weighing and handled thereafter 
in the open air. Dissolution of the ZrCl4 in the PAN/DMSO solution was achieved 
with magnetic stirring and gentle heating on a hotplate. The laboratory bottle was 
then partially immersed in a hot water bath at 70 °C, to give a final solution 
temperature of 65 °C.   
A gelation bath was prepared consisting of 90.1 g of 25 wt% aqueous 
ammonia, made up to a total mass of 4 kg with deionised water (approximately pH 
11.1). The hot PAN/DMSO/ZrCl4 precursor was added dropwise to the paddle-
stirred gelation bath with a glass syringe. This was continued until the precursor was 
entirely consumed. The gelation bath was stirred for a further five minutes. Smooth, 
white spheres resulted. These spheres were collected and thoroughly washed with 
deionised water to remove all noticable traces of ammonia and DMSO. The spheres 
were then dried to constant weight at low temperature (< 35 °C). 
 
3.2.2.4 Alkoxide co-precipitation route 
 
To warm 4 wt% PAN/DMSO precursor solutions, zirconium(IV) propoxide and 
Pluronic
®
 F-127 were added in the open air. Dissolution was achieved with stirring 
under a flow of nitrogen. The mass ratios of DMSO/PAN to zirconium(IV) 
propoxide to Pluronic
®
 F-127 were 1:0.11:0.011; 1:0.32:0.011; 1:0.53:0.011 and 
1:0.74:0.011.  
Using an in-house droplet generator [156, 157], the Zr-containing precursor 
solution was added dropwise to a stirred bath (4 L of deionised water plus 0.5 mL of 
aqueous 10 wt% Pluronic
®
 F-127 solution), resulting in coagulation of PAN beads. 
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The beads were thoroughly washed to remove surfactant and DMSO, then dried to 
constant weight at low temperature (< 35 °C). 
 
3.2.3 Thermal Treatment 
 
3.2.3.1 Stabilisation 
 
The PAN phase of the spheres was oxidatively-stabilised [159] by heating in air at 
240 °C for five hours, with heating and cooling rates of 1 °C min
−1
. A Thermolyne™ 
Type 42600 high temperature furnace with K-type thermocouple was used for this 
purpose. Stabilisation was conducted in a shallow alumina dish with a section of 
alumina half-pipe serving as a shroud to protect the samples from direct radiant heat. 
 
3.2.3.2 High temperature treatment 
 
Carbothermal reduction of stabilised sphere materials was conducted in an alumina 
tube furnace (Ceramic Engineering Manufacturers, Sydney, Australia) under a 
reducing atmosphere of 3.5 mol% H2-Ar. Samples were heated at 1350 °C for 24 
hours, employing heating and cooling rates of 1 °C min
−1
. A graphite foil-lined 
graphite boat with graphite lid was used to provide a carburising environment for the 
sphere samples during each heating run. 
 
3.2.4 Nomenclature 
 
For the PAN-templated methods, sample codes were represented by ZrXY-n, where 
Zr is zirconium, XY is the method code (AC for Alkoxide Co-precipitation, HC for 
Halide Co-precipitation and AI for Alkoxide Infiltration) and a numerical suffix, -n, 
denoting the Zr content for any given material in each series, with 1 being the lowest 
and 5 the highest. For example, ZrAC-1 is the PAN-Zr composite material produced 
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by the Alkoxide Co-precipitation route with the least quantity of Zr or highest PAN 
content. 
PAN-only spheres (i.e. blanks, with no Zr doping) were also subjected to heat 
treatment in the same way as their Zr-doped counterparts. The 240 °C-stabilised and 
1350 °C-heated (carbonised) PAN sphere variants were named PAN-240 and PAN-
1350, respectively. 
 
3.2.5 Characterisation 
 
3.2.5.1 C, H, N microanalysis 
 
Prior to C, H, N analysis, materials in glass vials were vacuum-dried (Thermo 
Electron, Germany) at 140 °C for 19 hours, back-filled with N2, tightly capped and 
sealed with plastic film until analysis. Samples were analysed in duplicate using a 
Carlo Erba 1106 instrument. PAN content in materials was estimated from measured 
N content, based on the empirical formula of the homopolymer, which is (C3H3N)n. 
 
3.2.5.2 Nitrogen Porosimetry and surface area measurements 
 
Nitrogen adsorption-desorption data was collected with a Micromeritics ASAP™ 
2020 surface area and porosity analyser at 77 K (−196 °C). 240 °C-stabilised PAN 
materials were degassed under vacuum at 120 °C, while 1350 °C carbothermally-
reduced materials were degassed under vacuum at 150 °C. Required degas times 
varied, but were typically for at least overnight. Surface areas were calculated using 
the BET equation. Pore size distributions (PSDs) were calculated using Barrett-
Joyner-Halenda (BJH) (desorption branch) and Density Functional Theory (DFT) slit 
pore N2 on carbon (adsorption branch) models. All calculations were performed 
using Micromeritics ASAP™ 2020 software Version 3.04. 
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3.2.5.3 Thermogravimetric analysis (TGA) 
 
TGA covering the range of ambient temperature to 1000 °C was conducted with a 
TA Instruments Q500 mass analyser, employing air carrier gas and a heating rate of 
10 °C min
−1
. 
 
3.2.5.4 Optical microscopy/macroscopy 
 
Sphere materials were prepared for optical microscopy by first prepared by setting in 
resin. This was accomplished by submersing spheres in a two-part epoxy resin 
(Buehler, USA) within PTFE molds and then vacuum-infiltrating the resin mixture 
for 20 min. The resin was cured overnight in an oven at 35 °C. Resin was ground on 
a Struers mechanical grinding unit with P320 coarse SiC paper, followed by finer 
P800 SiC paper. Polishing was conducted with 1 μm diamond polish and 0.25 μm 
cloth on a Struers RotoSystem. Optical microscopy of the polished samples was 
conducted with a Zeiss Axioplan optical microscope. Images of whole spheres were 
collected on a Wild M400 optical macroscope without further sample preparation. 
 
3.2.5.5 Scanning electron microscopy (SEM) 
 
Some of the polished specimens examined by optical microscopy were reused for 
SEM. Polished samples set in resin were affixed to SEM stubs with double-sided 
conductive carbon tape and coated with 2–3 nm of Pt. Backscattered images were 
collected with a Zeiss Ultra Plus instrument using an accelerating voltage of 15 keV. 
Secondary electron images of fractured sphere surfaces were acquired with an 
accelerating voltage of 5 keV on Pt-coated specimens. 
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3.2.5.6 X-Ray diffraction (XRD) 
 
Powder XRD patterns were acquired with a PANalytical X’Pert Pro instrument 
employing Cu-weighted K-α radiation (1.5406/1.5444 Å 2:1), a step size of 0.0170 
2θ° and an effective scan time of 601.1612 s. Inserts of single-crystal silicon cut off-
axis were used to back samples. 
Rietveld refinement was undertaken to quantify crystalline components in the 
materials. For this purpose, PANalytical X’Pert HighScore software Version 3.0 was 
used, which utilises an algorithm based on the original source code of Hill and 
Howard [163]. The background was fitted using a shifted Chebyshev II polynomial 
function while the patterns were profile-fitted using a pseudo-Voigt function. 
 
3.2.5.7 FT-IR Spectroscopy 
 
FT-IR spectra were acquired using a Nicolet Nexus 8700 instrument (Thermo 
Electron Corporation, Madison, WI) set up with a Smart iTR
™
 (Attenuated Total 
Reflectance) accessory. Sixteen scans at a resolution of 4 cm
−1
 were averaged. 
 
3.2.5.8 Raman Spectroscopy 
 
Stokes-shifted Raman spectra were collected using a Renishaw inVia™ Raman 
spectrometer equipped with a Peltier-cooled CCD detector and set-up with either 
argon (514 nm) or HeCd (325 nm) laser excitation. The scan range was ~100–3700 
cm
−1
 with a spectral resolution of ~ 1.7 cm
−1
 for the 1800 l/mm grating. The spot size 
was around 1.2 μm for 50× magnification. 
 
3.2.5.9 Mechanical testing  
 
Compressive mechanical strength of individual microspheres was evaluated using an 
Instron 5967 instrument with 500 N load cell and a compression rate of 0.01 mm 
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min
−1
. The test setup consisted of two metal flats; that is, the load cell and another 
stationary surface. A tall metal ring was placed around the test area for quality 
control purposes, so that after testing, it could be confirmed that the test specimen 
had not dislodged. Also, the presence of crushed sample residue was verified by 
visual inspection. 
 
3.2.6 Adsorption studies 
 
3.2.6.1 pH dependence 
 
Single-element solutions were prepared as follows. 0.025 mmol L
−1
 Mo stock was 
formed by dissolution of Na2MoO4.2H2O in Milli-Q
®
 water. pH adjustment was then 
carried out employing magnetic stirring and addition of aqueous HNO3 or NaOH, in 
order to produce a series of solutions of various pH values. Single-element 0.025 mol 
L
−1
 Sr, Cs and U solutions were prepared, respectively, from Sr(NO3)2, CsNO3 and 
UO2(NO3)2.6H2O salts dissolved in a 0.01 mol L
−1
 HNO3 matrix (approximately pH 
2). This acidic matrix was chosen in order to stabilise metals in solution and prevent 
hydrolysis prior to dilution. With magnetic stirring, these stocks were diluted 1000-
fold into aqueous HNO3 or NaOH solutions of various concentrations, to produce 
solutions of varied pH. All single-element stocks were aged for one day and their 
final pH values measured. 
Batch contact experiments for selectivity studies were conducted at a volume-
to-mass ratio (V/m) of 200 mL g
−1
 and with a one day contact time. The solid-liquid 
mixtures were gently agitated with a KS 250 basic platform shaker (IKA
®
, 
Germany). Samples and stocks were filtered with hydrophilic 0.22 μm syringe filters 
(Sartorius) and analysed for Sr, Mo, Cs and U using a Analytik Jena 820-MS ICP 
Mass Spectrometer. 
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3.2.6.2 Capacity 
 
A pH 3, 14.2 mg L
−1
 Mo solution was prepared by dissolution of Na2MoO4.2H2O in 
Milli-Q
®
 water, with subsequent downward pH adjustment employing magnetic 
stirring and addition of aqueous HNO3. 
Batch contact experiments were carried out at V/m ranging between 50 and 
1000 mL g
−1
 and contact time of 72 hours. Samples and stocks were mildly agitated 
using a KS 250 basic platform shaker (IKA
®
, Germany), filtered throughly 0.22 μm 
syringe filters (Sartorius) and Mo concentrations determined using a Analytik Jena 
820-MS ICP Mass Spectrometer. 
 
3.2.6.3 Kinetics 
 
A pH 3 and 1.0 mg L
−1
 Mo solution was prepared similarly to the one used for 
capacity above. 
Batch contact experiments were carried out at V/m of 200 mL g
−1
 and contact 
time varied between 15 minutes and 72 hours. Samples and stocks were agitated, 
filtered and analysed for Mo, as described above for capacity.  
 
3.2.6.4 Recyclability 
 
The potential for reuse was assessed with Mo adsorption-desorption cycles using 
batch contact methodology. Initial loading was conducted with a pH 3, 0.025 mmol 
L
−1
 Mo solution (adjusted with aqueous HNO3) and at V/m of 200 mL g
−1
. After 
gentle agitation over 24 hours, a small portion of aliquot was removed and filtered 
through a 0.22 μm syringe filter (Sartorius). Desorption was then initiated by 
adjustment of the supernatant to pH 11 with aqueous NaOH and a 24 hour 
equilibration time allowed with further agitation, followed by sampling and filtration, 
as before. The adsorption-desorption procedure was repeated thrice more. 
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 Results and Discussion 3.3
 
3.3.1 C, N microanalysis 
 
The PAN content in the as-produced spheres from each synthetic route was 
calculated from the N content obtained using C, N microanalysis. For each series, the 
PAN content decreased as the Zr loading was increased (Table 3.1). However, there 
was some variation in the C-to-N molar ratios (3.31 to 3.55), which were 
significantly above the theoretical value of 3.00 for the PAN homopolymer. The 
measured molar ratio of the source material was 3.23. This suggested that the PAN 
source used was not the pure homopolymer and also, that considerable additional 
organic content (such as DMSO) remained in the materials, despite extensive 
washing. 
 
3.3.2 Thermal treatment 
 
The as-produced PAN composites were cream-coloured spheroids, irrespective of 
synthetic method used. Upon stabilisation at 240 °C, the spheres darkened and 
exhibited shrinkage. Carbothermal reduction at 1350 °C caused further shrinkage 
resulting in millimetre-size spheres (Figure 3.1). 
 
Table 3.1 The as-produced sphere materials and their measured PAN content and C-
to-N molar ratios. 
Material PAN content (wt%) C-to-N molar ratio 
ZrAC-1 46 3.36 ± 0.07 
ZrAC-2 24 3.50 ± 0.07 
ZrAC-3 16 3.55 ± 0.07 
ZrAC-4 10 3.53 ± 0.07 
ZrHC-1 59 3.31 ± 0.07 
ZrHC-2 51 3.34 ± 0.07 
ZrHC-3 45 3.38 ± 0.07 
ZrHC-4 41 3.35 ± 0.07 
ZrAI-1 74 3.31 ± 0.07 
ZrAI-2 61 3.34 ± 0.07 
ZrAI-3 43 3.39 ± 0.07 
ZrAI-4 24 3.48 ± 0.07 
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Figure 3.1 Optical images of whole spheres. As-produced, (a) ZrHC-1 and (b) ZrAI-
2; 240 °C-stabilised, (c) ZrHC-1 and (d) ZrAI-2; 1350 °C carbothermally-reduced, 
(e) ZrHC-1 and (f) ZrAI-2. All images were taken at the same scale. 
 
3.3.3 Optical microscopy 
 
The internal structures of the spheres were investigated with optical microscopy of 
resin-infiltrated whole specimens, which were subsequently ground and polished to 
reveal fine detail. The ZrAC-x (Figure 3.2) and ZrAI-x (Figure 3.3) systems both 
exhibited cell-like structures which were evidently two dimensional cross-sections of 
the large macropores expected of the PAN template. Some inhomogenity was 
observed in the form of several large ZrO2 particles. The ZrAC-x spheres contained 
discrete white particles of ZrO2, well-contrasted from the black 240 °C-stabilised 
PAN phase. With Zr content increasing across the series, the particles typically 
became larger or more densly packed; and the composites progressively more 
inhomogenous. In the ZrAI-x system, ZrO2 films were seen which became 
progressively thicker with increasing Zr content and especially so on the periphery of 
the spheres. 
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Figure 3.2 Optical images of 240 °C-stabilised ZrAC-x spheres, resin-set, ground and 
polished. (a–d): ZrAI-1 to -4. All images were taken at the same scale. 
 
 
Figure 3.3 Optical images of 240 °C-stabilised ZrAI-x spheres, resin-set, ground and 
polished. (a–d): ZrAI-1 to -4. All images were taken at the same scale. 
 
The ZrHC-x system (Figure 3.4) was quite different from the other two 
systems in several respects. First, no inorganic phase separate from the polymer 
could be discerned and the specimens appeared almost fully homogenous. Second, 
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the pore structures were different. Although cell-like structures were always 
observed, for the two compositions with highest Zr content (ZrHC-3 and -4), fine 
porous island-like structures were also typically observed within the spheres. Third, 
unlike in the other two systems, large bubbles were typically seen in the centres of 
the ZrHC-x spheres, which were not displaced by vacuum infiltration. A possible 
explanation to account for these observations is that the islands were tenuously 
connected with the shell structure and provided only a few relatively constricted 
paths for the egress of gas. Futhermore, as the islands were not consistently observed 
and sometimes a large void was seen, this might suggest that the islands were readily 
removed by the grinding and polishing process, due to their tenuous connections with 
the shell. The origin of the island structure is not certain, however, the exothermic 
nature of the formation reaction may have played a part. Released gas may have 
generated both porosity in the islands and as well as the spaces between the islands 
and shells, as the bubbles consolidated.  
 
 
Figure 3.4 Optical images of 240 °C-stabilised ZrHC-x spheres, resin-set, ground and 
polished. (a–d): ZrHC-1 to -4. All images were taken at the same scale. 
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3.3.4 X-Ray Diffraction (XRD) 
 
The crystalline contents of the samples were analysed by powder XRD and peaks 
assigned to known crystallites. The XRD patterns of the ZrAC-x system (Figure 3.5) 
exhibited varying mixtures of ZrC and monoclinic zirconia (mZrO2). This accorded 
with the optical microscopy results presented earlier, for which separate particles of 
zirconia could be discerned by visual inspection. Rietveld analysis (Table 3.2) 
revealed that ZrAC-1 and -2 were predominantly ZrC (88 and 67.8%, respectively), 
with monoclinic zirconia (mZrO2) as the minor phase. The latter phase increased in 
concentration with increasing Zr precursor, such that ZrAC-3 and -4  were 
predominantly mZrO2 (59.6 and 66.1%, respectively). 
 
 
Figure 3.5 Powder XRD patterns of 1350 °C-heated ZrAC-x spheres and Rietveld 
fits, (a–d):  ZrAC-1 to -4. Key: c, cubic phase, ZrC; m, monoclinic phase, ZrO2. 
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Table 3.2 Rietveld analysis. 
Material Phase % a (Å) b (Å) c (Å)  (°) vol (Å
3
) 
ZrAC-1 ZrC 88 4.67967 (8) 4.67967 (8) 4.67967 (8) - 102.475 
  tZrO2 4.2 3.62 (1) 3.62 (1) 5.23 (4) - 68.38 
  mZrO2 7.8 5.16 (4) 5.20 (3) 5.29 (3) 99.164 140.35 
ZrAC-2 ZrC 67.8 4.6849 (1) 4.6849 (1) 4.6849 (1) - 102.8285 
  mZrO2 32.2 5.157 (8) 5.2044 (8) 5.3207 (8) 99.2024 140.965 
ZrAC-3 ZrC 40.4 4.6834 (1) 4.6834 (1) 4.6834 (1) - 102.7276 
  mZrO2 59.6 5.1534 (4) 5.2045 (4) 5.3195 (4) 99.2116 140.8344 
ZrAC-4 ZrC 33.9 4.6818 (1) 4.6818 (1) 4.6818 (1) - 102.6208 
  mZrO2 66.1 5.1528 (3) 5.2070 (3) 5.3182 (3) 99.1896 140.8631 
ZrHC-1 ZrC 90.1 4.67411 (7) 4.67411 (7) 4.67411 (7) - 102.1185 
  tZrO2 5.5 3.64 (1) 3.64 (1) 3.64 (1) - 68.51 
  mZrO2 4.4 4.70 (2) 5.74 (2) 4.69 (1) 97.2882 125.62 
ZrHC-2 ZrC 95.8 4.67267 (3) 4.67267 (3) 4.67267 (3) - 102.0232 
  tZrO2 4.2 3.6 (2) 3.6 (2) 5.2 (8) - 68.14 
ZrHC-3 ZrC 99 4.6791 (1) 4.6791 (1) 4.6791 (1) - 102.3408 
  tZrO2 1 3.62 (1) 3.62 (1) 5.19 (4) - 67.91 
ZrHC-4 ZrC 98.4 4.67358 (5) 4.67358 (5) 4.67358 (5) - 102.0818 
  tZrO2 1.6 3.62 (9) 3.62 (9) 5.2 (3) - 67.91 
ZrAI-1 ZrC 10.5 4.6702 (2) 4.6702 (2) 4.6702 (2) - 101.8634 
  mZrO2 89.5 3.999 (6) 5.06 (1) 5.12 (2) 102.7489 101.04 
ZrAI-2 ZrC 90.5 4.6758 (1) 4.6758 (1) 4.6758 (1) - 102.2312 
  tZrO2 8.2 3.606 (5) 3.606 (5) 5.25 (2) - 68.29 
  mZrO2 1.3 4.844 (3) 5.393 (1) 4.682 (2) 97.6659 121.271 
ZrAI-3 ZrC 96.5 4.68420 (9) 4.68420 (9) 4.68420 (9) - 102.776 
  tZrO2 3.5 3.63 (3) 3.63 (3) 5.17 (9) - 67.91 
ZrAI-4 ZrC 75.1 4.6789 (5) 4.6789 (5) 4.6789 (5) - 102.428 
  tZrO2 3.8 3.37 (4) 3.37 (4) 5.13 (9) - 67.92 
  mZrO2 21.1 4.844 (9) 5.393 (9) 4.682 (9) 99.1833 140.116 
 
According to prior studies summarised in the comprehensive review of Katoh 
and co-workers [134], the ZrC cubic lattice dimension correlates with the 
stoichiometry. The ZrAC-x system materials had lattice lengths of 4.680–4.685 Å, 
corresponding to a C/Zr ratio of approximately 0.5. In other words, the empirical 
formula was approximately ZrC0.5 and this phase was therefore consistently 
substoichiometric. 
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The ZrAI-x system (Figure 3.6) demonstrated wide-ranging ZrC content 
(Table 3.2); ZrAI-1 was ca. 10% ZrC, with the balance comprised of mZrO2; ZrAI-2 
and -3 were over 90% ZrC; and ZrAI-4 was ca. 75% ZrC. The zirconia content of 
ZrAI-2 to -4 were a mixture of mZrO2 and tetragonal zirconia (tZrO2) polymorphs. 
There was no clear trend or obvious reason to relate these results to the respective 
film thicknesses, which had apparently increased with Zr precursor concentration and 
were evidenced by the earlier optical microscopy. It is possible that investigations of 
film adhesion and microstructural characteristics of the films themselves might shed 
some light on this, however, this is outside of the scope of the current work. Similar 
to the ZrAC-x materials, the ZrAI-x spheres had ZrC lattice dimensions of 4.670–
4.684 Å, with inferred substoichimetric formulae of ZrC0.5. 
 
 
Figure 3.6 Powder XRD patterns of 1350 °C-heated ZrAI-x spheres and Rietveld fits, 
(a–d):  ZrAI-1 to -4. Key: c, cubic phase, ZrC; m, monoclinic phase, ZrO2. 
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The ZrHC-x spheres based on a halide co-precipitation methodology (Figure 
3.7) gave the impression of clean patterns of ZrC, however, Rietveld Analysis (Table 
3.2) demonstrated the presence of mZrO2 and/or tZrO2 impurities, to varying degrees 
at the baseline. Contrary to expectation, increasing the Zr concentration had the 
effect of enhancing the conversion efficiency. While ZrHC-1 and -2 were about 90 
and 96% ZrC, respectively, the other two materials exhibited ZrC contents exceding 
98%. Impressively, material ZrHC-3 was about 99% ZrC. Once again, the Rietveld 
cubic structural model returned lattice dimensions ranging from 4.673–4.679 Å and 
formulae of ZrC0.5. 
In summary, the preceding data unambiguously showed the dramatic effects 
of morphology on the outcome of carbothermal reduction and that composition alone 
cannot account for these observations. 
 
Figure 3.7 Powder XRD patterns of 1350 °C-heated ZrHC-x spheres and Rietveld 
fits, (a–d):  ZrHC-1 to -4. Key: c, cubic phase, ZrC. 
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3.3.5 Scanning electron microscopy (SEM) 
 
Backscattered electron images are presented in Figure 3.8. An image of a whole 
fractured sphere from a ZrAC-x prototype material (Figure 3.8a) demonstrated the 
radial macropore structure typically seen in the PAN-based spheres, which was 
previously observed in the optical microscopy as two-dimensional cells. Further 
examination of some polished specimens from each system was carried out. The 
SEM revealed finer details at scales not achievable using conventional optical 
microscopy. In ZrAC-1 (Figure 3.8b), small spheroidal particles of ZrO2 were 
observed, representing a range of sizes. In ZrHC-1 (Figure 3.8c), although some 
regions of ZrO2 can be seen, generally the PAN and ZrO2 were well-mixed. In ZrAI-
1 (Figure 3.8d), the ZrO2 film was readily observed as distinct from the PAN phase. 
 
 
Figure 3.8 Backscattered electron images. (a) An early prototype of the ZrAC-x 
system, exhibiting the typical radial pore structure of PAN spheres; polished 
specimens of 240 °C-stabilised (b) ZrAC-1, (c) ZrHC-1 and (d) ZrAI-1, respectively, 
demonstrating different mixing of PAN and zirconia. 
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Diffusion is known to influence the extent of ZrC formation during 
carbothermal reduction of ZrO2 [134]. The SEM observations above demonstrated 
the effective mixing of ZrO2 with PAN and go some way towards accounting for the 
high degree of conversion in some samples, evidenced by the Rietveld Analysis. 
Carbothermal reduction inside an enclosed graphite boat employing reducing 
atmosphere, aided this conversion to ZrC by irreversibly removing oxygen from the 
sample as gaseous products, CO, CO2 and H2O. The carburising conditions played no 
small part in this; a ZrAI-x sample heated under identical conditions, but with the 
graphite lid removed, gave much lower relative XRD peak intensities for ZrC 
(normalised for mZrO2 intensity), than the same sample heated with the graphite lid 
in place (data not shown). 
 
3.3.6 Nitrogen Porosimetry and surface area measurements 
 
BET surface areas of 240 °C-stabilised and 1350 °C carbothermally-reduced 
materials from the three systems were measured (Table 3.3). The surface areas of the 
PAN-only spheres heated at 240 °C and 1350 °C were much lower, likely reflecting 
loss of accessibility to its pore system due to shrinkage. A possible explanation for 
the considerably higher surface areas seen in the ZrAI-x system is that the ZrO2 films 
formed by infiltration, may provide a rigid barrier inhibiting compete collapse and 
facilitating retention of pore accessibility. 
Universally, the 240 °C-stabilised materials were quite robust (i.e., could be 
readily handled without breaking), however, the 1350 °C carbothermally-reduced 
materials were not all equal in this respect. While both the ZrAI-x and ZrHC-x series 
were moderately robust, the ZrAC-x series were exceedingly fragile. For this reason, 
together with their generally poor surface areas, further studies of the ZrAC-x series 
were discontinued. 
Two of the higher surface area sphere materials, ZrHC-1 and ZrAI-2, were 
further examined with the Nitrogen Porosimetry technique in order to gain insight 
into their pore structures. Adsorption-desorption isotherms and derived pore size 
distributions are presented in Figure 3.9. Both materials consisted of hybrids or 
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mixtures of three isotherm types according to the IUPAC classification (Figure 3.9a). 
These were namely, Type I (microporous), Type II (non-porous) and Type IV 
(mesoporous) [165]. The Type I feature is seen as a modest knee feature at low 
relative pressures. The Type II characteristics were seen as the increasing incline 
feature in the adsorption branch at relative pressures (P/P0) approaching unity. In this 
situation, the Type II shape was interpreted to mean the presence of large 
macropores, which are not normally quantifiable by Nitrogen Porosimetry, because 
of the difficulty in complete pore filling due to their sheer sizes. This was evident 
from the absence of plateaux for the two isotherms at high relative pressures which 
would be expected in a pure Type IV material. The Type IV features are evident 
from the hysteresis loops in the two materials. The hysteresis loop shapes are Type B 
of the classification system of de Boer [230], indicative of irregular-shaped pores or 
a mixture of pore shapes. 
 
Table 3.3 BET surface areas of oxidatively-stabilised PAN sphere materials, before 
and after 1350 °C heat treatment. 
Material S.A.BET (m
2
 g
−1
) 
240 °C, air 
S.A.BET (m
2
 g
−1
) 
1350 °C, 3.5% H2-Ar 
PAN 6.1 9.4 
ZrAC-1 4.8 72 
ZrAC-2 5.7 6.4 
ZrAC-3 6.8 2.3 
ZrAC-4 30 2.2 
ZrHC-1 29 73 
ZrHC-2 33 50 
ZrHC-3 39 32 
ZrHC-4 42 27 
ZrAI-1 12 44 
ZrAI-2 11 72 
ZrAI-3 7.9 73 
ZrAI-4 38 6.1 
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Figure 3.9 Nitrogen Porosimetry data. (a) Nitrogen adsorption-desorption isotherms. 
Key: black, ZrAI-2; blue, ZrHC-1. PSDs for (b) ZrAI-2 and (c) ZrHC-1. Key: red, 
BJH; blue, DFT. BJH curves are plotted against the left axes and DFT curves are 
plotted against the right axes. 
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Examination of the PSDs of ZrAI-2 and ZrHC-1 (Figure 3.9b and c) 
corroborated the initial interpretation of the isotherms. Both sphere materials showed 
a small proportion of micropores (< 2 nm), a larger proportion of mesopores (2–50 
nm) and some small macropores (> 50 nm). The two models used, DFT and BJH, 
broadly agreed in shape, although the BJH of each material (calculated from the 
desorption branch) displayed a sharp peak at around 4 nm, in contradiction to the 
DFT model. This peak is likely an artifact due to cavitation effects or delayed 
desorption, such as due to ink bottle-shaped pores [231]. Further confirmatory 
evidence of this was seen in the desorption branches which exhibited a pronounced 
“step-down” feature between 0.4 to 0.5 P/P0. Because the DFT model was calculated 
from the adsorption branch, it might be expected to be a more reliable measure of 
pore size. 
The Nitrogen Porosimetry data, SEM data and optical images of resin-set 
spheres, together furnished a picture of the PAN-based materials as being constituted 
by hierarchies of porosity, ranging from micropores to large macropores. In 
particular, the large radial macropore structures may serve to enhance intraparticle 
diffusion by providing a series of “highways” from the sphere surfaces to the sphere 
centres. 
 
3.3.7 Mechanical stability 
 
Mechanical testing of ZrAI-2 was conducted (Figure 3.10). The compression 
behaviour was not reproducible, so by definition, a representative example cannot be 
given. However, the example shown does exhibit many of the features commonly 
seen in the various profiles. Typically, a series of load maxima and minima were 
seen, suggestive of repetition of loading followed by partial collapse, further loading 
and so forth. The reloading may be attributable to the unbroken sphere sections and 
filling of voids with crushed material and compaction. 
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Figure 3.10 An example of a load versus compression profile for ZrAI-2. 
 
3.3.8 Thermal stability 
 
Thermogravimetric analysis of the sphere materials in air was originally undertaken 
with a view to quantifying the inorganic content in the 1350 °C-treated materials. 
Profiles for ZrAI-2, ZrHC-1 and PAN-1350 are presented in Figure 3.11. Rather than 
showing weight losses which would permit calculation of refractory contents, the 
two composite spheres actually demonstrated a considerable initial gain of about 15 
wt%. Weight gain was already discernible from 350 °C. In contrast to the 
composites, PAN-1350 (PAN-only derived blank) showed only a weight loss, 
noticeably starting between 500–550 °C and leaving a final refractory residue of only 
about 3 wt%. It can be inferred from this outcome that the carbon phase combusted 
completely during TGA and that the weight gain in the two composites should be 
attributed entirely to oxidation of the inorganic phase/s and/or initial dissolution of 
oxygen. Whilst ZrC has been reported as not oxidising appreciably until 700 °C 
[232], this may not account for the role of particle size. In other words, smaller 
particles of ZrC may be more susceptible to oxidation as a result of increased surface 
area. Although 1350 °C furnace treatment could produce substoichiometric ZrO2−x 
susceptible to oxidation, due to high abundances of ZrC measured by Rietveld (ca. 
90% in both materials), this second scenario could at most only account for relatively 
0
0.1
0.2
0.3
0.4
0.5
0.6
0 0.2 0.4 0.6 0.8
Compression (mm)
L
o
a
d
 (
N
)
 
106 
 
small proportions of the weight gains. Therefore, it is most likely that it is the ZrC 
phase which has oxidised in each material. 
 
3.3.9 FT-IR Spectroscopy  
 
The FT-IR spectrum of 240 °C-stabilised PAN spheres (Figure 3.12) was markedly 
different from that of as-received PAN powder reflecting the structural changes 
associated with cyclisation of nitrile groups in PAN when stabilised in air, forming a 
conjugated aromatic ring structure [233]. Further heating to 1350 °C—as was 
employed for the composite materials—caused loss of all observable absorption 
bands. Microanalysis confirmed this, returning C, H and N values of 98.9, 0.0 and 
0.6 wt%, respectively. The balance (0.5 wt%) was presumed to be O. 
 
 
Figure 3.11 TGA of 1350 °C-heated materials. Key: black, PAN-1350; blue, ZrHC-
1; red, ZrAI-2. 
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Figure 3.12 FT-IR spectra. Key: black, PAN powder; blue, PAN-240; red, ZrAI-5; 
green, PAN-1350. 
 
3.3.10 Raman Spectroscopy 
 
Raman spectra of ZrHC-1 and ZrAI-2 are given in Figure 3.13a and b, respectively. 
Spectra for both samples were acquired employing both visible (514 nm) and near-
UV (325 nm) laser excitation. Notably, D (disorder) and G (graphite) peaks were 
assigned. The presence of the G peak was clear evidence of ringed sp
2
-hybidised 
carbon. No T (tetrahedral) peak, which would be expected at ~ 1060 cm
−1
, could be 
discerned. Thus, the presence of sp
3
-hybridised carbon could be ruled out.  
 
 
Figure 3.13 Raman spectra. (a) ZrAI-2 and (b) ZrHC-1. 
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In both cases, going from the 514 nm to the 325 nm spectra, the D peak 
showed a pronounced dispersion (shift in wavelength as a function of excitation 
wavelength), which is expected to occur in all carbons. However, the G peaks for 
both materials did also exhibit dispersion, with ZrAI-2 demonstrating an obvious 
dispersion and ZrHC-1, a more subtle one. The G band, which is the breathing mode 
of ringed sp
2
 carbon, does not disperse in ordered carbons such as graphite, 
nanocrystalline graphite and glass-like carbon [234]. This thus suggested some 
degree of structural disorder in the carbon crystallites. 
Unfortunately, the D overtone peak (2D) in the 514 nm spectra could not be 
well-resolved from the background for the two samples (data not shown). This band 
is often used to furnish information on stacking order; a multiplet fine structure is 
indicative of a high degree of graphitisation [171]. A very large broad hump was 
observed in this high wavenumber region, suggestive of heating by the Raman laser, 
such that, while increasing the power might have improved the resolution, 
denaturation and/or combustion of the sample, probably would have resulted. 
Therefore, in these two instances, no comments can be made about the degree of 
stacking order of the carbon crystallites. 
 
3.3.11 Adsorption studies 
 
To initially investigate the adsorption properties of the sphere materials, pH 
dependences of four elements—three fission product elements, Cs, Sr, Mo and the 
actinide element U—was investigated. The adsorption pH dependence was studied 
for ZrAI-2 and ZrHC-1 (Figure 3.14a and b, respectively), both being high surface 
area materials with high relative ZrC content. The pH profiles were very similar.  
Over the pH range investigated, Cs did not adsorb at all, while the two 
materials only showed significant affinity for Sr above about pH 10. The extraction 
of Mo was high over the examined pH range, but close to quantitative from pH 1.9 to 
3.4. Extraction of was nearly quantitative over the wide range of pH 4 to 11.  
Over this latter narrow range, Mo is expected to be comprised of varying 
proportions of the neutral species H2MoO4 (molybdic acid) and its anionic acid 
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dissociation product, HMoO4
−
. Further acid dissociation with increasing pH, leads to 
formation of MoO4
2−
, which predominates above about pH 3.9 (Figure 3.15) [235].  
The speciation of U(VI) is dependent on a number of factors, including 
concentration, pH and ionic strength. Expectedly, U(VI) exists at low pH as the 
unhydrolysed UO2
2+
 cation until pH 3, which predominates until about pH 5.3. 
However, above pH 3, there is some formation of cationic and neutral hydrolysis 
products (especially oligomers) including UO2OH
+
, (UO2)2(OH)2
2+
, (UO2)2(OH)2 
and (UO2)3(OH)5
+
. Above pH 7, the anionic species (UO2)3(OH)8
2−
 and (UO2)(OH)3
−
 
emerge. The latter species predominates above about pH 10. Moreover, the 
dissolution of atmospheric CO2 can lead to the formation of anionic CO3
2−
 
complexes (e.g. (UO2)2CO3(OH)3
−
) in near neutral to alkaline conditions [236]. The 
latter scenario cannot be excluded in this experiment, given the use of NaOH for pH 
adjustment. Considered in light of this diverse hydrolysis chemistry, the pH 
dependence results show that the materials are adsorbers of cationic, neutral and 
anionic U(VI) species. 
In summary, we can see that the PAN composites exhibited an affinity for 
neutral and anionic species of Mo; and cationic, neutral and anionic species of U. 
These results might also suggest a possible practical application of these materials, as 
targets in the production of 
99
Mo, either by fission or accumulation routes. 
 
 
Figure 3.14 Adsorption pH dependence for 1350 °C heat-treated materials. (a) ZrAI-
2 and (b) ZrHC-1. Key: Mo, black solid circles (green line); U, black solid squares 
(orange line); Sr, hollow downward triangles (red line); Cs, hollow upward triangles 
(blue line). Lines are intended as a guide to the eye only. 
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Figure 3.15 Predominance diagram for Mo(VI)-OH
−
 species (25 °C and I = 3 M). 
Lines indicate equal amounts of Mo(VI) in adjacent regions (Reproduced with 
permission from The Hydrolysis of Cations, Copyright © 1976 by John Wiley and 
Sons, Inc.) [235]. 
 
The adsorption capacity of ZrHC-1 for Mo at pH 3 was modelled using 
isotherm data and the Langmuir and Freundlich functions (Figure 3.16). The derived 
constants are presented in Table 3.4. The former model gave a superior fit from least 
squares, with R
2
 value of 0.987, compared to 0.959 for the latter. Visually, the 
function fits to the isotherm data were both reasonable. The measured capacity 
derived from the Langmuir model, qmax, was 6.40 mg g
−1
. 
 
 
Figure 3.16 Adsorption isotherm data for Mo adsorption onto ZrHC-1 at pH 3 with 
Langmuir and Freundlich model fits. 
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Table 3.4 Isotherm model fit parameters for Mo adsorption onto ZrHC-1 at pH 3. 
Model qmax (mg g
−1
) b (L mg
−1
) n Kf (mg g
−1
) R
2
 
Langmuir 6.40 1.18   0.987 
Freundlich   2.53 2.83 0.959 
 
Kinetics data for Mo adsorption onto ZrHC-1 at pH 3 were fitted using the 
pseudo-second-order (Figure 3.17). The constants are given in Table 3.5. The model 
returned a high R
2
 value of 1.00 when least squares analysis was performed, 
indicating an excellent correlation. The fit of the model to the data visually was very 
good. The model and data indicated that equilibrium was reached within 4–8 hours. 
 
 
Figure 3.17 Adsorption kinetics for Mo adsorption onto ZrHC-1 at pH 3 with 
pseudo-second-order model fit. 
 
Table 3.5 Kinetic model fit parameters for Mo adsorption onto ZrHC-1 at pH 3. 
Model qe (mg g
−1
) k2 (g mg
−1
h
−1
) R
2
 
Pseudo-second-order 0.210 19.6 1.000 
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The reusability of the ZrHC-1 sphere material was studied using Mo as probe. 
As anticipated from the earlier pH profile data, Mo could be readily adsorbed at pH 3 
with high % extraction and then fairly efficiently desorbed by adjustment of the 
solid-liquid mixture to pH 11. This reversible behavior was demonstrated by 
repetition of four cycles (Table 3.6). 
 
Table 3.6 Reusability studies for ZrHC-1. 
Cycle Adsorption (%) Desorption (%) 
1 > 99 86 
2 > 99 91 
3 > 99 96 
4 > 99 83 
 
Although the materials were reasonably robust, i.e., they could be weighed or 
handled without disintegrating, batch contact involving vigorous agitation often 
tended to cause them to fracture as a result of collision with the vessel walls and each 
other. For this reason, while one might consider the materials suitable for packed 
column uses wherein they would remain stationary, in their present form they would 
probably be unacceptable for batch contact or fluidised bed applications. This 
highlights the need for frameworks with both good mechanical strength and internal 
porosity conducive to fast adsorption kinetics. 
 
 Conclusions 3.4
 
Polyacrylonitrile-based sphere materials were synthesised using three different 
approaches, which were denoted respectively,  ZrAC-x (alkoxide co-precipitation), 
ZrHC-x (halide co-precipitation) and ZrAI-x (alkoxide infiltration). Subjected to 
carbothermal reduction, the ZrAC-x materials generally exhibited low surface areas 
and very poor mechanical stabilities, that is, they readily crumbled when handled.  
The ZrHC-x and ZrAI-x methods, in contrast, produced reasonably robust and 
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moderately-high surface area spheres (> 70 m
2
 g
−1
). Yields of ZrC varied 
considerably between the compositions of each series. While the two co-precipitation 
methods were anticipated to give the most intimate mixing of Zr and PAN, in fact, 
the Rietveld analysis showed that the best conversions to ZrC were achieved with 
samples ZrHC-3 (99%) and ZrAI-3 (96.5%). For the ZrAC-x synthesis method, the 
best result was for ZrAC-1 (88%). Thus the outcome seemed to be an interplay of the 
method and the resulting morphology of the inorganic phase, as well as the 
composition. 
TGA data demonstrated good thermal stability for the carbon phase, but 
poorer stability for the inorganic portion, proceding from 350 °C, which was 
attributed to ZrC oxidation. Elemental analysis and FT-IR indicated virtually 
complete removal of heteroatoms from the carbon phase, which was also supported 
by Raman spectra of the ZrAI-2 and ZrHC-1, which indicated the presence of ringed 
sp
2
-hybridised carbon, which is to be expected for high temperature-carbonised 
PAN. 
From Nitrogen Porosimetry, materials ZrAI-2 and ZrHC-1 were both 
ostensibly hybrids of Type I, II and IV isotherms, interpreted as presence of micro-, 
macro- and mesopores, respectively. Additionally, the presence of large macropores 
was directly verified by optical microscopy of ground and polished resin-set samples. 
Together, these data confirmed a hierarchical pore structure in these materials. 
The adsorption pH dependences of materials ZrAI-2 and ZrHC-1 were 
studied with respect to the actinide U and three fission product elements, Cs, Sr and 
Mo. Neither material showed affinity for Cs; and Sr was only adsorbed significantly 
at high pH values. Mo and U, in contrast, both showed high affinities, but over 
different pH ranges. The materials could thus, in principle, be applied as target 
matrices for production of 
99
Mo. 
The adsorption kinetics of material ZrHC-1 were found to be relatively fast, 
reaching equilibrium in 4–8 hours. This was attributed to the large radial macropore 
structure of PAN, which ostensibly enhanced intraparticle diffusion and mass 
transfer. The adsorption capacity of the same was measured for Mo and found to be 
around 6.40 mg g
−1
. Reuse was also demonstrated for ZrHC-1, with Mo 
adsorption/desorption achievable for several cycles. 
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The PAN-based composites exhibited several physical attributes, which make 
them attractive as potential reusable transmutation targets. However, the weak points 
of the materials were their poor mechanical strength under agitation conditions, low 
surface areas and lengthy, albeit straightforward, synthesis protocols. The materials 
to be presented in the next chapter will address these shortcomings. 
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4 POROUS CARBON-ZIRCONIUM SULPHIDE CARBIDE 
MICROSPHERES PREPARED BY CATION EXCHANGE ROUTE 
 
 Introduction 4.1
 
In the previous chapter, the preparation of hierarchically porous carbon-zirconium 
carbide spheres using PAN as a structural template was detailed and their physico-
chemical properties were described. The three approaches used for creating Zr-PAN 
composite spheres proved to be effective ways of generating intimate mixing of C 
and Zr, evidenced by the high degree of conversion to ZrC achieved in many of the 
specimens. Although the materials exhibited fast adsorption kinetics and intriguing 
adsorption properties, the major drawbacks were their low surface areas; that the 
materials were readily broken when subjected to agitation; and the laborious nature 
of the synthetic procedures. A new synthesis method that improves these three 
aspects was thus sought. 
The use of commercially available preformed and functionalised polymer 
substrates, such as ion exchange resins, was considered as a more expedient way of 
generating composites. Obviously, ion exchange is a very simple way of introducing 
metals into a polymer matrix. Pyrolysis of metal-loaded ion exchange resins has been 
demonstrated by a number of workers to produce porous carbon-ceramic composites. 
The diverse range of supported ceramic phases that have so far been produced, 
illustrates the versatility of this approach and the virtually unlimited combination of 
products possible. These have included ceria [237], metal sulphides [238], 
phosphotungstate [239], transition metal oxides and metals [240-247]; as well as 
noble metals [248]. Potentially these carbon-supported reactive species have many 
applications, including use in fuel cells, gas or liquid phase adsorption and catalysis. 
Nearly all work in this area has focused on heat treatment in inert or oxidising gas 
environments, with little attention given to reducing and/or carburising conditions. 
However, U-based carbide composites suggested as potential nuclear fuel pellets 
[249] and SiC composites [250], both based on polymeric ion exchanger precursors, 
have been reported. Aside from these two latter nuclear-relevant examples, there 
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have been no other reports of carbide composites based on metal-loaded ion 
exchange resins. 
The long-lived FP,
 99
Tc (1/2 = 2.11 × 10
5
 y) is a major contributor to the 
long-term radiotoxicity of spent fuel [3] and is also one of a small collection of FPs 
for which transmutation is considered feasible [10, 11]. The neutron capture reaction 
for 
99
Tc is given in Reaction 4.1. Both Tc and Re, members of Group 7 of the 
Periodic Table, form peranions, TcO4
−
 and ReO4
−
 respectively [235]. Due to the 
similarities in their chemistry, Re is therefore eminently suitable as a surrogate to 
study Tc adsorption. 
 
𝑇𝑐 + 𝑛 →  𝑅𝑢10099 + 𝛽−  (Reaction 4.1) 
 
Diverse materials have been demonstrated as 
99
Tc sorbents and these have 
notably included activated carbon, natural minerals, synthetic inorganic materials and 
ion exchange resins [251-264]. There has also been some recent interest in Metal-
Organic Frameworks (MOFs) for 
99
Tc extraction and sequestration [111-114]. 
However, there have been few examples of porous granular 
99
Tc sorbents and 
especially ones with anticipated radiation tolerance [265]. In one recent report, Shu 
and co-workers demonstrated the use of ion-imprinting to produce magnetic 
microspheres with high selectivity for ReO4
−
 (i.e., 
99
TcO4
−
 surrogate) and which also 
showed high percent extraction in relatively acidic conditions [266]. 
In the current chapter, which is based on our journal publication [267], we 
explore the idea of using an ion exchange procedure as a much simpler means of 
dispersing Zr homogenously within preformed polymer matrices and as a prelude to 
conversion of these precursors into carbide composite materials by carbothermal 
reduction. For this purpose, commonly-available sulphonated PS-DVB strong cation 
exchange resins were used as the polymer source materials. The structural properties 
of these new materials have been extensively characterised. Using Re as a surrogate, 
we also investigate the adsorption properties of this system, evaluate its potential for 
capture of 
99
Tc and as a possible reusable matrix for 
99
Tc transmutation. 
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 Experimental 4.2
 
4.2.1 Materials 
 
All reagents (including cation exchange resins) were used as received without further 
purification. Dowex
®
 DR-2030 hydrogen form, Amberlyst
®
 15 hydrogen form, 
Dowex
®
 50WX2 hydrogen form, Amberlite
®
 IR 120 hydrogen form, zirconyl 
chloride octahydrate (ZrOCl2.8H2O, 98%), Na2MoO4.2H2O (> 99.5%), CsNO3 
(99.999%) and Sr(NO3)2 (99.995%), were obtained from Sigma Aldrich, Australia. 
Sodium perrhenate (NaReO4, 99.9%) was obtained from Strem Chemicals, USA. 
Depleted UO2(NO3)2.6H2O was obtained in-house and its purity (> 99%) confirmed 
by ICP-MS. Duolite
®
 C 255 hydrogen form was obtained from Dia-prosim, UK. 
Analytical grade 50 wt% aqueous NaOH was sourced from Fluka Chemicals, 
Australia; and trace metal analytical grade 69% HNO3 from both Seastar Chemicals 
Inc, Canada and Merck, Australia. A custom multi-element standard  (2% HNO3, > 
99.96 % purity) was supplied by High Purity Standards, USA. This solution was 10 
mg L
−1
 with respect to each element and included Al, As, Ba, Be, B, Cd, Ca, Ce, Cs, 
Cr, Co, Cu, Dy, Er, Eu, Gd, Ga, Ho, Fe, La, Pb, Lu, Mg, Mn, Nd, Ni, P, K, Pr, Re, 
Rb, Sm, Se, Na, Sr, Tl, Tm, U, V, Yb and Zn. Both 3.5 mol% H2-Ar gas mix and 
instrument air were sourced from Coregas, Australia. Milli-Q
®
 high purity water 
(18.2 MΩ.cm) was used for all adsorption experiments. 
 
4.2.2 Nomenclature 
 
Zr-loaded cation exchange resins were named according to the following system. Zr 
denoted the adsorbed metal, CX signified cation exchange and a numerical suffix –n, 
represented the particular resin used. The Zr-loaded resins, their source materials and 
characteristics are presented in Table 4.1. The resin substrates were all sulphonated 
PS-DVB strong cation exchange resins. 
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Table 4.1 Characteristics of the cation exchange resin source materials. 
Material Resin substrate Morphology  Size 
ZrCX-1 Dowex
®
 DR-2030 H Macroporous  16–40 mesh 
ZrCX-2 Amberlyst
®
 15 H Macroporous  18–23 mesh (600–850 μm) 
ZrCX-3 Dowex
®
 50WX2 H Gel  50–100 mesh 
ZrCX-4 Amberlite
®
 IR-120 H Gel  620–830 μm harmonic mean 
diameter 
ZrCX-5 Duolite
®
 C 255 H Gel  650 ± 50  μm mean diameter 
 
4.2.3 Synthesis 
 
Universally, Zr adsorption onto resins was conducted by batch contact with aqueous 
ZrOCl2 for at least one day and mild agitation provided by a KS 250 basic platform 
shaker (IKA
®
, Germany). The Zr uptake by the various resins was initially 
investigated by contacting the resins with 0.042 mol L
−1
 ZrOCl2 and volume-to-mass 
ratios (V/m) ranging from 10 to 200 mL g
−1
. The Zr concentrations were measured 
with a Analytik Jena 820-MS ICP Mass Spectrometer. 
Loading of the resins with Zr was conducted with different parameters 
depending on whether a macroporous or gel type resin substrate was used. For 
macroporous resins, V/m of 50 mL g
−1
 and 0.042 mol L
−1
 ZrOCl2 were used, while 
for gel resins, V/m of 1 mL g
−1
 and 2.8 mol L
−1
 ZrOCl2 were used. The loaded resins 
were collected under suction on a Büchner funnel-flask assembly; thoroughly 
washed with Milli-Q
®
 water. To remove any remaining traces of unadsorbed Zr from 
the resin pore systems, the loaded resins were agitated in contact with Milli-Q
®
 for 
one day at V/m of 50 mL g
−1
 (relative to equivalent starting mass). The resins were 
collected, re-washed, then air-dried under suction. The air-dried materials were 
vacuum-dried overnight in a Heraeus
®
 vacuum oven at 60 °C (Thermo Electron, 
Germany). 
 
4.2.4 Thermal treatment 
 
Carbothermal reduction of Zr-loaded cation exchange resins at 1350 °C was 
conducted exactly as previously detailed in § 3.2.3.2 for the PAN-based composites. 
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4.2.5 Characterisation 
 
4.2.5.1 Thermogravimetric analysis (TGA) 
 
Sphere materials for TGA were dried overnight at 100 °C in an Heraeus
®
 vacuum 
oven (Thermo Electron, Germany) in glass vials with loosened screw cap lids. The 
samples were backfilled with N2, tightly capped and sealed with plastic film until 
immediately before analysis. TGA of Zr-exchanged resins was conducted using a 
Seiko Instruments Inc. EXSTAR6000 thermal analyser, using instrument grade air 
carrier gas and a heating rate of 10 °C min
−1
. Alumina crucibles (5 mm O.D.) with 
matching lids (with holes for escape of gaseous products) were employed. Due to 
copious gas evolution during combustion, lids proved essential to keep the spheres 
from being ejected from their crucibles. A similar protocol was used for 1350 °C-
treated materials, but employing a slower heating rate of 5 °C min
−1
. 
 
4.2.5.2 Optical microscopy and sphere size measurements 
 
Optical images of whole beads were acquired of sphere materials with no further 
sample preparation, using a Wild M400 optical macroscope. 
 
4.2.5.3 Scanning Electron Microscopy (SEM) 
 
Secondary electron images were collected using a Zeiss Ultra Plus instrument with 
an accelerating voltage of 15 keV. Samples were examined as fractured surfaces and 
prepared by affixing sample fragments to SEM stubs with double-sided conductive 
tape and coating with 2–3 nm of Pt. 
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4.2.5.4 Scanning Transmission Electron Microscopy - Energy Dispersive 
Spectroscopy (STEM-EDS) 
 
Images and related spectra for elemental mapping, were acquired using a JEOL 
2200FS operated at 200 keV. Samples were prepared by dispersing powdered 
materials in ethanol and depositing the dilute suspensions on holey carbon films 
supported on TEM Cu mesh grids. 
 
4.2.5.5 Mercury Intrusion Porosimetry 
 
Accessible pore openings were measured using a Micromeritics AutoPore™ IV 9520 
mercury porosimeter employing a pressure range of 0–60,000 psi. Samples were 
evacuated to 25 μmHg prior to analysis. A 5.2612 mL penetrometer and 0.392 mL 
stem were used. PSDs were calculated using AutoPore™ IV 9500 software Version 
1.09. 
 
4.2.5.6 Nitrogen Porosimetry and surface area measurements 
 
Nitrogen adsorption-desorption data was collected with a Micromeritics ASAP™ 
2020 surface area and porosity analyser at 77 K (−196 °C). All samples were 
degassed under vacuum at 150 °C for at least overnight and sometimes up to eight 
days. Total surface areas were calculated using the BET equation, while micropore 
and external surface areas were calculated using a t-plot method. PSDs were 
calculated using the BJH model (desorption branch) as well as DFT, slit pore N2 on 
carbon model (adsorption branch). All calculations were performed using 
Micromeritics ASAP™ 2020 software Version 3.04. 
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4.2.5.7 X-Ray Diffraction (XRD) 
 
Powder XRD patterns were obtained according to the same method in § 3.2.5.6, but 
using a step size of 0.0334 2θ° and an effective scan step time of 624.965 s. Structure 
refinement was carried out using Rietica software Version 2.1. This was achieved 
with a Newton-Raphson refinement strategy; backgrounds were fitted using a fifth 
order polynomial while profile fitting of patterns was conducted using a pseudo-
Voigt function. 
 
4.2.5.8 Neutron Activation Analysis (NAA) 
 
Samples (typically 75–150 mg) contained in high purity polyethylene vials, were 
irradiated in the OPAL Research Reactor at ANSTO, Lucas Heights, Australia, in a 
thermal neutron flux of 2.2 × 10
13
 cm
−2
 s
−1
 for five minutes. Gamma spectra were 
then acquired of each sample using high purity Ge gamma detectors (P-type, 25% 
relative efficiency). A first spectrum was measured a few minutes after irradiation (to 
measure short-lived activation products such as 
37
S) and a second spectrum, the next 
day (for example, to measure Zr isotopes). Gold standards were co-irradiated with 
the samples and concentrations were calculated using the k0-method of 
standardisation [268]. 
 
4.2.5.9 Microanalysis 
 
The 1350 °C-treated microspheres (50–100 mg of each) were analysed for O content 
without further sample preparation, using a LECO TCH600 analyser, employing a 
standard inert gas fusion method. 
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4.2.5.10 Raman Spectroscopy 
 
Raman measurements were conducted according to the same procedure detailed in § 
3.2.5.8.  
 
4.2.5.11 Mechanical testing 
 
Compressive testing was conducted according to the procedure in § 3.2.5.9. 
 
4.2.6 Adsorption studies 
 
4.2.6.1 Selectivity survey at pH 2 
 
A solution 0.1 mg L
−1
 with respect to 41 elements was prepared by dilution of a 10 
mg L
−1
 custom standard (please refer to § 4.2.1 for full details) 100-fold into pH 2.5 
HNO3 solution. This solution was further adjusted to pH 2 with addition of aqueous 
HNO3 and accompanied by magnetic stirring. 
Batch contact was conducted in triplicate at V/m of 200 mL g
−1
 with one day 
contact time and with gentle agitation provided by a KS 250 basic platform shaker 
(IKA
®
, Germany). Samples were filtered with 0.22 μm syringe filters (Sartorius) and 
analysed on Analytik Jena 820-MS ICP Mass Spectrometer. 
 
4.2.6.2 pH profiles 
 
The pH dependence for each of Sr, Mo, Cs and U was investigated using similar 
methodology to § 3.2.6.1, except that the four elements were incorporated into a 
single cocktail, 0.025 mmol L
−1
 with respect to each element. A 0.025 mmol L
−1
 
aqueous Na2MoO4 solution in Milli-Q
®
 water was pH adjusted with either aqueous 
sodium NaOH or HNO3 using magnetic stirring and subsamples taken of various pH 
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solutions. With magnetic stirring, 0.025 mol L
−1
 Sr, Cs and U single-element stocks 
(each stabilised in pH 2 HNO3 solution) were each diluted 1000-fold into the Mo-
containing solutions of various pH. The cocktails were aged for about a day and the 
final pH values measured.  
For Re pH dependence, a stock 10 mg L
−1
 with respect to Re was produced 
by dissolution of NaReO4 in Milli-Q
®
 water. This was pH adjusted with either  
aqueous HNO3 or NaOH solutions to produce solutions of different pH. The final pH 
values were measured after one day. 
Contact experiments were performed in triplicate at V/m of 200 mL g
−1
 and 
solid/liquid mixtures agitated with a KS 250 basic platform shaker (IKA
®
, Germany). 
Contact times were one day for Sr, Mo, Cs and U pH dependence; and three days for 
Re pH dependence. Samples and stocks were filtered through either 0.22 or 0.45 μm 
syringe filters (Sartorius). The Sr, Mo, Cs and U pH dependence solutions were 
measured for elemental content with an Analytik Jena 820-MS ICP Mass 
Spectrometer and the Re pH profile solutions with an Agilent 7900 ICP Mass 
Spectrometer. 
 
4.2.6.3 Capacity and kinetics 
 
For the purposes of capacity and kinetics measurements, pH 5 solutions, 25 and 1 mg 
L
−1
 Re, respectively, were prepared similarly to those in the preceding section for Re 
pH profile.  
For capacity, single solid/liquid mixtures as well as stocks (in triplicate) were 
agitated on a KS 250 basic platform shaker (IKA
®
, Germany) with a contact time of 
four days and V/m varied between about 50 and 1000 mL g
−1
. Each data point was 
represented by a single measurement. Stock solutions and all solutions after contact 
were filtered through 0.45 μm syringe filters (Sartorius). For kinetics, time was 
varied between 15 minutes and four days and batch contact was conducted in 
triplicate for each data point, with V/m was kept constant at 200 mL g
−1
. No filtration 
was employed for kinetics solutions. All solutions were analysed for Re on an 
Agilent 7900 ICP Mass Spectrometer. 
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4.2.6.4 Re loading for STEM-EDS 
 
Loading of material for STEM-EDS was achieved with a pH 5, 25 mg L
−1
 Re 
solution, at V/m of 2000 mL g
−1
 with four days contact time. After removal of 
supernatant, the solid was dried overnight in a Heraeus
®
 vacuum oven (Thermo 
Electron, Germany) at 60 °C. 
 
4.2.6.5 Thermodynamics 
 
A pH 5, 25 mg L
−1
 Re solution was prepared by dissolution of NaReO4 in Milli-Q
®
 
water and pH adjustment with aqueous HNO3, as above. 
Materials were contacted in triplicate at V/m of 200 mL g
−1
 with four days 
contact time, employing a WTC Binder BFED-53 temperature-controlled shaker 
oven. Experiments were conducted at 30, 40 and 50 °C, respectively. Supernatants 
were separated from solids by pipette and cooled to room temperature, before 
dilution and analysis on an Agilent 7900 ICP-MS. 
 
4.2.6.6 Recyclability 
 
A pH 3, 10 mg L
−1
 Re solution was prepared by dissolution of NaReO4 in Milli-Q
®
 
water, with pH adjustment using aqueous HNO3
 
and magnetic stirring.  
Adsorption-desorption cycling was carried out by changing the HNO3 
concentration of the contact solution. A single solid portion was loaded with Re at 
V/m of 200 mL g
−1
, with four days contact time on a KS 250 basic platform shaker 
(IKA
®
, Germany). The supernatant was sampled by pipette, the remainder removed 
and replaced with pH 0 HNO3 solution. The mixture was agitated for four days, as 
before. The supernatant was subsampled, the solid collected and washed thrice with 
Milli-Q
®
 water. The material was then subjected to a longer term washing procedure 
to remove acid residue from the pore system. This was carried out by agitating in 
Milli-Q
®
 water (V/m of 5000 mL g
−1
) for three days. The above procedure was 
repeated for a second cycle. 
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 Results and Discussion 4.3
 
4.3.1 Loading of resins 
 
Initial scoping of Zr uptake by the cation exchange resins was undertaken by 
contacting the resins with 0.042 mol L
−1
 ZrOCl2 solution at various volume-to-mass 
(V/m) ratios. It was found that the macroporous resins (ZrCX-1 and ZrCX-2 
precursors) were nearly saturated at V/m of 50 mL g
−1
, with approximately 2 mmol 
g
−1
 of Zr adsorbed, equivalent to about 15 wt% of dry weight of the sphere materials 
(Table 4.2). In contrast, none of gel-type resins (ZrCX-3 to -5) showed any 
appreciable uptake (< 0.1 mmol g
−1
). However, higher uptakes were obtained for the 
gel resins by contacting them more concentrated solutions, culminating in effective 
loading with a concentrated 2.8 mol L
−1
 solution.  
TGA using air carrier gas was conducted on the Zr-loaded resins (Figure 4.1) 
to appraise the relative Zr content of the various loaded resins, as indicated by the 
refractory residues remaining at high temperature (expected to be ZrO2) (Table 4.3). 
ZrCX-1 to -3 showed the largest residues, ranging from approximately 24–29 wt%, 
indicating significant adsorption of Zr. For ZrCX-4 and ZrCX-5, poorer Zr uptakes 
were evidenced by residues of only 10–11 wt%. The reason for the marked 
difference in adsorption behaviours of the three gel resins in different concentration 
solutions versus dilute solutions, was not immediately obvious, especially given that 
the Zr tetrameric species was expected to predominate throughout the surveyed 
conditions [235]. However, one possible explanation is that size exclusion prevented 
entry of the Zr tetramer into the gel pores when immersed in dilute solutions, but in 
concentrated solutions, the gel resin polymer matrices dehydrated and shrank 
(analogously with a living cell immersed in a hypertonic saline solution); 
consequently, the pore systems opened up and permitted access to many more 
adsorption sites. 
 
 
 
 
126 
 
Table 4.2 Scoping studies of Zr uptake by macroporous resins using 0.042 mol L
−1
 
ZrOCl2. 
V/m (mL g
−1
) Uptake (mmol g
−1
) 
 Dowex
®
 DR-2030 Amberlyst
®
 15 
10 0.44 0.43 
25 0.98 1.05 
50 1.72 1.89 
100 1.81 2.05 
200 1.72 1.99 
 
 
Figure 4.1 TGA of Zr-loaded cation resin precursors. Key: black, ZrCX-1; blue, 
ZrCX-2; red, ZrCX-3; green, ZrCX-4; purple, ZrCX-5. 
 
Table 4.3 Refractory residues obtained from TGA of unheated Zr-loaded 
microsphere precursors; and corresponding BET surface areas of the 1350 °C-heated 
products. 
Material Residue (%) BET surface area (m
2
 g
−1
)  
ZrCX-1 24.3 609  
ZrCX-2 25.0 626  
ZrCX-3 28.5 401  
ZrCX-4 10.6 7.1  
ZrCX-5 10.4 7.5  
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A brief scoping study of Zr-loading of carboxylate-functionalised weak 
cation exchange resins was also carried out, but this synthetic strategy proved to be 
unviable from the outset, due to incompatibility between the functional pH range of 
these resins (pH 4–7) and the high acidity of ZrOCl2 solutions (pH < 1). Attempts at 
dilution or pH adjustment of ZrOCl2 solution to within this functional range, resulted 
in near-quantitative precipitation of Zr from solution as the gel-like hydrous ZrO2 
[269]. This instability in weakly-acidic solution was confirmed by ICP-MS 
measurement of the solution filtrates. 
 
4.3.2 Thermal treatment 
 
Optical microscopy images of the Zr-loaded resins before and after carbothermal 
reduction at 1350 °C, are given in Figure 4.2. Visually, the most conspicuous traits of 
the heated materials were their spherical and lustrous appearances, as well as the 
pronounced shrinkage compared with their parent resins. In terms of the former 
characteristics, ZrCX-2 was an exception, however, because a significant proportion 
of resin particles were found to be fractured, both in the Zr-loaded resin precursor 
and the heated variant. Subsequent inspection of the unloaded substrate resin also 
revealed these defects. The cause of this was not certain, however, fracturing might 
have occurred due to the harsh conditions of H2SO4 treatment during sulphonation of 
the starting PS-DVB co-polymer substrate. Regardless, this was an artifact of 
manufacture of the resin and beyond our control. The degree of Zr loading seemed to 
have a positive impact on the surface area of the carbothermally-reduced product 
(Table 4.3). Specifically, ZrCX-1 and -2 possessed BET surface areas in excess of 
600 m
2
 g
−1
 and the gel resin ZrCX-3, in excess of 400 m
2
 g
−1
; while the two gel 
resins with much lower Zr loadings (ZrCX-4 and ZrCX-5) gave products with 
surface areas of only about 7 m
2
 g
−1
. 
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Figure 4.2 Optical microscopy images of Zr-loaded cation exchange resins before 
and after 1350 °C heat treatment. (a) and (b), ZrCX-1; (c) and (d), ZrCX-2; (e) and 
(f), ZrCX-3; (g) and (h), ZrCX-4; (i) and (j), ZrCX-5. All images were taken at the 
same scale. 
 
4.3.3 Scanning Electron Microscopy (SEM) 
 
The porous architectures of the resin substrates used as precursors should have a 
strong influence on those of the products, if the former materials are considered as 
templates. Retention of some or most structural elements during carbonisation and 
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carbothermal reduction is very likely. The substrates fall into two groups: the gel 
resins, which are known to have a interconnected microporous structure; and the 
macroporous resins, which additionally contain macropores. These latter resins are 
templated with an inert porogen [75]. 
To gain insights into their pore structures, SEM images of the fractured inner 
surfaces of the various heat-treated materials were acquired (Figure 4.3). The images 
of ZrCX-1 and ZrCX-2 (Figure 4.3a–d) showed a speckled texture at low 
magnification, but were otherwise quite featureless. Thus, the presence of very large 
macropores, such as those seen in the PAN-based composites of Chapter 3, could be 
ruled out. However, at higher magnifications, much more detail was discerned. Both 
materials displayed an irregular coral-like structure with sub-micron macroporous 
voids and other smaller ones, which could be interpreted as mesopores. The fractured 
surfaces of the gel-resin derived microspheres (Figure 4.3e-j), however, possessed a 
much smoother terrain, even at high magnification. Some small fragments of debris 
on the surfaces were noted, but these probably arose from the sample preparation. 
The absence of texture was a clear indication of the lack of macropores and large 
mesopores in these samples. This latter outcome accorded with the expectation that 
the gel resin-based microspheres would possess only the microporous structures of 
the parent resins. 
In summary, the macroporous resin-derived materials were observed by SEM 
to possess hierarchies consisting of small macropores and mesopores, but no very 
large macropores. The gel resin-derived ones, in contrast, were mainly featureless 
and exhibited a lack of macropore and large mesopore architecture. 
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Figure 4.3 SEM images of internal fractured microsphere surfaces at 1,000 and 
50,000 × magnification. (a) and (b) ZrCX-1; (c) and (d) ZrCX-2; (e) and (f) ZrCX-3; 
(g) and (h) ZrCX-4; and (i) and (j) ZrCX-5. 
 
4.3.4 Mercury Intrusion Porosimetry 
 
Mercury intrusion measurements of macroporous materials ZrCX-1 and ZrCX-2, 
were undertaken to investigate pore openings. Cumulative intrusion versus pore 
curves for these two microsphere materials, respectively, are given in Figure 4.4a and 
b. These both showed only two intrusion events interspaced by a wide plateau 
characterising a lack of intrusion. Plotted as incremental intrusion versus pore sizes 
 
131 
 
graphs (Figure 4.4c and d, respectively), the two events manifested as pore openings 
at either 124 µm or 121 µm and 18.1 or 15.1 nm, respectively, for the two materials. 
The first opening in each material represented a large proportion of microsphere 
diameter, which would be implausibly large to be a true pore opening. These were 
instead interpreted as the interstitial porosities between the microspheres, arising 
from packing of the microspheres in the sample cup and thus are artifacts. The 
remaining true pore openings in the materials were in the mesopore regime, which 
indicated that the small macropores observed in the SEM images earlier, were not 
directly accessible at the surface of the microspheres. In other words, the 
microsphere exteriors were essentially mesoporous. 
 
 
 
 
Figure 4.4 Mercury Intrusion Porosimetry of macroporous cation resin-derived 
microspheres. (a) Cumulative intrusion versus pore size for ZrCX-1; (b) Cumulative 
intrusion versus pore size for ZrCX-2; (c) Incremental intrusion versus pore size for 
ZrCX-1; and (d) Incremental intrusion versus pore size for ZrCX-2. 
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4.3.5 Nitrogen Porosimetry 
 
The Nitrogen Porosimetry technique was applied to the materials ZrCX-1 to -3, 
carbothermally reduced at 1350 °C, in order to further investigate the origins of their 
very high surface areas. Nitrogen adsorption-desorption isotherms are given in 
Figure 4.5a. ZrCX-1 and ZrCX-2 both exhibited hybrid Type I/Type IV isotherms 
while ZrCX-3 gave a purely Type I isotherm, according to the IUPAC classification 
[165]. The low relative pressure “knee” feature seen in all three isotherms, i.e. Type I 
shape, is indicative of microporosity, while the Type IV hysteresis loops in ZrCX-1 
and ZrCX-2 were features signifying the presence of mesoporosity. The adsorption 
branches at high relative pressures were essentially flat plateaux, indicating complete 
mesopore filling. The lack of a Type II-shaped adsorption-desorption feature at high 
relative pressures pointed to the absence of substantial macropore surface area in the 
two materials (but not necessarily macropore volume; macropores will contribute 
less surface area than smaller pores) and complete filling of mesopores near relative 
pressures of unity. 
For comparison, the resin source materials were given the same heat 
treatment as their Zr-loaded counterparts. The macroporous resin substrates of ZrCX-
1 and ZrCX-2 gave pure Type IV isotherms with BET surface areas of 25 and 59 m
2
 
g
−1
, respectively. The gel substrate of ZrCX-3 yielded a product with very low 
surface area (< 1 m
2
 g
−1
) which could not be accurately measured due to insufficient 
total surface area. The obvious conclusion that can be drawn from this experiment is 
that the microporosity in the heated Zr-loaded materials does not originate from 
volatilisation or degradation of the carbon framework. The source of the 
microporosity in ZrCX-1 to -3, which can therefore only be attributed to the Zr-
loading of the resins, will be discussed later in this chapter. 
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Figure 4.5 Nitrogen Porosimetry data for high surface area materials ZrCX-1 to -3. 
(a) Nitrogen adsorption-desorption isotherms. Key: black, ZrCX-1; blue, ZrCX-2; 
red, ZrCX-3. (b–d) PSDs for ZrCX-1 to -3. Key: red, BJH; blue, DFT. BJH curves 
are plotted against the left axes and DFT curves are plotted against the right axes. 
 
The PSDs of ZrCX-1 to -3 are presented in Figure 4.5b – d. Two models were 
used; a DFT slit pore N2 on carbon model, employing the adsorption branch; and the 
BJH model, based on the desorption branch. It can be seen in ZrCX-1 and ZrCX-2 
(Figure 4.5b and c, respectively), as was the case with the PAN-based materials in 
Chapter 3, that the use of the BJH model results in artifacts apparently arising from 
cavitation effects or constricted porosity (e.g. ink bottle-shaped pores) resulting in 
delayed desorption [231]. Important clues that this occurred were the step-down 
features in the hysteresis loops of both desorption branches. Given that the DFT 
model is based on the adsorption branch, the DFT PSDs should not be susceptible to 
this effect and therefore are expected to be more reliable. These PSDs corroborated 
the inferences previously drawn from the isotherms shapes, i.e., the presence of 
micro- and mesoporosity. The pore size distributions for ZrCX-3 using both models 
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(Figure 4.5d) presented no complications and confirmed the presence of micropores 
at and below 2 nm. 
 
4.3.6 X-Ray Diffraction (XRD) 
 
Powder XRD measurements of heat-treated microsphere materials ZrCX-1 to -5 
were carried out to characterise their crystalline contents (Figure 4.6a–e). ZrCX-1 to 
-3 each contained a phase identified as zirconium sulphide carbide (Zr2SC), one of 
the so-called MAX phases [270, 271], a larger family of ternary carbides and nitrides 
of general formula Mn+1AXn, where M is an early transition element, A is a Group 13 
to 16 element and X is C or N. They have a layered hexagonal structure with 
P63/mmc space group [271]. The Zr2SC structure is illustrated in Figure 4.7. The 
Zr2SC unit cell (Figure 4.7a) shows the role of S atoms in bridging between Zr 
atoms. In the bulk structure, Zr2C layers are clearly interleaved with S layers (Figure 
4.7b).  
 
 
Figure 4.6 Powder XRD patterns. (a–e) ZrCX-1 to -5. Key: h, (hexagonal) Zr2SC. 
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Figure 4.7 Zr2SC structure. (a) Zr2SC unit cell; (b) Profile showing alternating MX 
and A layers. Key: blue spheres, Zr; grey spheres, C; and yellow spheres, S. Data 
from [272] was used. 
 
Structural refinement of ZrCX-1 to -3 was conducted using the Rietveld 
Method [162, 163] and a hexagonal structure model fitted. It was found that 
background function fitting was less than satisfactory and accordingly, the resulting 
fitted profiles were also less than satisfactory. Despite this, peak positions could be 
accurately-refined and the respective lattice parameters for the three materials 
calculated. For ZrCX-1 to -3 respectively, the a and c lattice dimensions (Å) were: 
3.416 ± 0.002, 12.143 ± 0.007; 3.417 ± 0.004, 12.150 ± 0.014; and 3.423 ± 0.013, 
12.16 ± 0.04. These values agreed well with those already published in the literature 
for Zr2SC [272-280]. These are summarised in Table 4.4. 
 
4.3.7 Elemental composition 
 
Elemental analysis of the five heat-treated materials ZrCX-1 to -5, was conducted 
using the techniques of Neutron Activation Analysis (NAA) and Microanalysis 
(Table 4.5). The main constituents determined by NAA were Zr, Hf, S and Na, with 
the remainder reasonably presumed to comprise C and O. Very minor traces of Cl, 
Mg, Al, V, Mn, Co and Cs were also found (data not shown). The measured Zr 
content in each material corroborated the trends in the refractory residues determined 
from TGA of the Zr-loaded resins, previously remarked upon. 
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Table 4.4 Published lattice parameters for the Zr2SC MAX phase. 
Study type a (Å) c (Å) 
Experimental [273] 3.389 12.09 
Modelling [274] 3.3663 12.0225 
Experimental [275] 3.406 12.138 
Modelling [276] 3.435 12.25 
Modelling [277] 3.4234 12.20 
Modelling [272] 3.411 12.152 
Modelling [272] 3.402 12.135 
Modelling [278] 3.485 12.524 
Modelling [279] 3.427 12.195 
Modelling [280] 3.419 12.212 
 
The presence of Hf as an impurity was anticipated, due to the use of technical 
grade ZrOCl2.8H2O as a reagent. Due to their similar chemical properties, separation 
of Zr and Hf is difficult, although not impossible [281]. The source of Na as an 
impurity is not certain as no reagent used in the synthesis was specified as containing 
it, however, one possibility is that it originated from the cation exchange resins 
themselves. These resins are often supplied as the H or Na forms. The resins might 
have been prepared initially as their Na forms, then converted to their H forms later 
on. 
The Zr-to-S molar ratios were calculated for the suite of materials and found 
to range from 0.45 to 1.3. These values were significantly below the theoretical value 
of 2.0 expected from the nominal Zr2SC phase stoichiometry. Thus, this suggested 
excesses of S were present somewhere in the microsphere materials. The O 
concentrations of the various samples were established by Microanalysis, which also 
then permitted estimation of C content by difference. The O concentrations in the 
materials, varied considerably (4.19–12.7 wt%) but nonetheless, roughly correlated 
with the Zr concentrations, suggesting that the O was associated with the inorganic 
portion, rather than the carbonaceous phase. The STEM-EDS mapping of Re-loaded 
ZrCX-1 to be presented later in § 4.3.12 will help to support this, at present, tentative 
conclusion. 
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Table 4.5 Elemental compositions of the 1350 °C-heated materials. 
Material Zr (wt%) S (wt%) O (wt%) Hf (wt%) Na (wt%) Balance (wt%) 
ZrCX-1 26 ± 2 6.9 ± 0.5 9.9 ± 0.2 0.58 ± 0.04 0.0043 ± 0.0003 57 ± 2 
ZrCX-2 26 ± 2 8.0 ± 0.6 10.2 ± 0.2 0.57 ± 0.04 0.0051 ± 0.0004 55 ± 2 
ZrCX-3 32 ± 2 12.2 ± 0.9 12.7 ± 0.3 0.75 ± 0.05 0.0179 ± 0.0013 42 ± 3 
ZrCX-4 11.4 ± 0.8 8.6 ± 0.7 4.19 ± 0.08 0.27 ± 0.02 0.060 ± 0.004 75.5 ± 1.5 
ZrCX-5 12.3 ± 0.9 9.6 ± 0.8 4.48 ± 0.09 0.29 ± 0.02 0.40 ± 0.03 73.0 ± 1.7 
 
The balances of elemental composition for the various microspheres (42–75.5 
wt%), were equated with C content and made up the majority of each material by 
weight. The calculated Zr-to-C molar ratios ranged from 0.02 to 0.1; therefore, in 
terms of the Zr2SC stoichiometry, C was always in vast excess. This outcome was 
not unexpected, given that the sphere frameworks were all organic polymer-based. 
 
4.3.8 Raman Spectroscopy 
 
The carbon phases of the three high surface area materials (ZrCX-1 to -3) were 
characterised using Raman Spectroscopy employing both visible (514 nm) and near 
UV (325 nm) laser excitation (Figure 4.8a–c). The spectra for each material, 
although not identical, showed great similarities and will thus be discussed as a 
group, as the interpretations for each material were essentially the same.  
Peak assignments were as follows. The 514 nm spectra showed well-defined 
D (disorder) and G (graphite) peaks with identifiable D overtone (2D) and a 
combination of D and G bands (D+G). The overtone of the D’ peak (2D’) was also 
present, although the D’ band could only be seen as a slight shoulder on the higher 
wavenumber side of the G peak, with which it was nearly coincident. The 325 nm 
spectra each exhibited a broad D peak and a G peak, but were otherwise mostly 
featureless, except for some very broad bumps where the minor peaks were expected. 
The broadness of the D peak likely entailed that these minor peaks were also broad 
and not easily resolved from the background. 
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Figure 4.8 Raman spectra. (a–c) ZrCX-1 to -3. 
 
The absence of a T (tetrahedral) peak at ~ 1060 cm
−1
 in the 325 nm near-UV 
excitation spectra, was a clear indication of the absence of sp
3
-hybridised carbon, 
while the presence of a G peak was unambiguous evidence of the presence ringed sp
2
 
carbon. In each case, on moving from 514 nm to 325 nm excitation, the D peak 
showed a pronounced dispersion (shift in wavelength as a function of excitation 
wavelength). Furthermore, in no case did the G peak disperse. In fact, normalised for 
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G peak intensity, the G peak of the 514 nm spectra nearly exactly mapped onto the G 
peak of the 325 nm spectra. Thus we gain a picture of the carbon structure as being a 
well-ordered, extended ringed aromatic structure. The D peak dispersion, behaving in 
an opposite fashion to that of the G peak, supports the same conclusion. D peak 
dispersion is seen in all carbons, but is most pronounced in ordered carbons, such a 
graphite, nanocrystalline graphite and glass-like carbon [234]. 
From the 2D (overtone) peak, information can be derived about the stacking 
order of sp
2
 carbon sheets. In highly-graphitised carbon, a fine structure is observed 
[171]. In the 514 nm spectra, the 2D peaks each had the appearance of being a single 
smooth symmetrical peak rather than a multiplet, which indicated a fair degree of 
turbostraticity or stacking disorder. Conceivably, this could also be interpreted as 
disorder of the carbon crystallites in three dimensions. 
In summary, while there was evidence of well-ordered and relatively defect-
free ringed sp
2
 carbon sheets (La ~ 13 nm), the sheets themselves were either 
spatially disordered or exhibited disordered stacking, similar to the so-called non-
graphitic carbons [282]. 
 
4.3.9 Structural evolution with temperature 
 
The structural evolution of material ZrCX-1 as a function of temperature was 
investigated with several different techniques in order to obtain some insight into 
formation processes governing porosity and crystallinity (Figure 4.9). XRD data 
(Figure 4.9a) showed the presence of tZrO2 already formed at 450 °C, which 
generally increased in peak intensity with increasing temperature. From 1050 to 1150 
°C, the peak intensity of tZrO2 diminished (Figure 4.9b) and by 1250 °C, a new 
phase, the hexagonal MAX phase Zr2SC, had appeared which grew in intensity from 
1250 to 1350 °C. 
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Figure 4.9 Temperature dependence for ZrCX-1. (a) Powder XRD patterns for 350 to 
750 °C. (b) Powder XRD patterns for 950 to 1350 °C. Key: t, (tetragonal) tZrO2; h, 
(hexagonal) Zr2SC. (c) Surface areas for 350 to 1350 °C. Key: black solid squares, 
BET; grey solid squares, t-plot micropore; hollow squares, t-plot external. (d) 
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Nitrogen adsorption-desorption isotherms for 350 to 750 °C. Key: (broken lines) 
purple, 350 °C; dark green, 450 °C; black, 550 °C; red, 750 °C. (e) Nitrogen 
adsorption-desorption isotherms for 950 to 1350 °C. Key: (solid lines) purple, 950 
°C; dark green, 1050 °C; black, 1150 °C; red, 1250 °C; blue, 1350 °C. (f) In-plane 
carbon crystallite sizes calculated from 514 nm Raman spectra. (g) Elemental 
compositions determined by NAA for 350 to 1350 °C. 
 
Surface areas over the range of 350 to 1350 °C were measured (Figure 4.9c). 
The corresponding nitrogen adsorption-desorption isotherms are presented in Figure 
4.9d and e. The isotherms, which were quite similar in general shape, mainly differed 
in the heights of the Type I knee feature, commensurate with micropore content. 
Micropores contributed the majority of the BET surface area. Initially, it was 
hypothesised that the micropores originated from interstices between the crystallites 
and the carbon phase, or between the crystallites themselves. However, this 
explanation does not accord with the observed surface area changes. For example, 
the BET and micropore surface areas exhibited drops between 850 and 950 °C, 
despite the fact that no new phase had appeared. More likely, the surface area 
changes were due to porosity being generated in the carbon phase, either by direct 
reaction of the inorganic phase with carbon (leaving voids where the carbon reagent 
had previously occupied), or activation of the carbon phase resulting from release of 
volatile oxygen from the inorganic phase; which could be considered a form of “self-
activation”. The activation of carbon materials is a well-known phenomenon and 
results in generation of porosity, especially microporosity, by reaction with gas phase 
or solution phase species (e.g. CO2 and ZrCl2) [38]. Decreases in measured surface 
areas might be understood in this hypothetical framework as the consolidation of 
adjacent pores, resulting in loss of effective surface area. However, it should be 
noted that any O-containing functionalities generated on this carbon surface from any 
activation process, would likely have been removed by the reducing gas 
environment. 
The in-plane crystallite sizes calculated from the Raman spectra (Figure 4.9f) 
displayed a near-linear downward relationship with increasing temperature. This 
result was counterintuitive given what is known of the carbonisation processes of 
other polymers such as PAN [158]. In the latter cases, the carbon sub-units join 
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together to form larger polyaromatic fused ring systems and this is a process which is 
increasingly efficient with higher temperature. In the present example, the data can 
be understood in terms of porosity generation via carbon reactivity, discussed above. 
The creation of pores and their amalgamation would, statistically speaking, have the 
effect of making the average crystallite size appear smaller, due to ever more tenuous 
connections between carbon domains. The same explanation accounts for the high 
surface areas in microsphere materials ZrCX-2 and -3; and conversely, the low 
surface areas in ZrCX-4 and -5, in which the Zr2SC phase did not crystallise. 
Finally, the evolution of chemical composition (Zr and S) as a function of 
temperature was studied using NAA (Figure 4.9g). Initially from 350 to 750 °C, Zr 
was enriched and S was depleted, both by approximately inverse amounts. The loss 
of S in the form of volatile species was expected. These species could, for example, 
include H2S and SO3. The pronounced stench of H2S was always noted upon removal 
of the microsphere products from the furnace tube. It is worth noting that for this 
reason, subsequent experiments involving phosphonate-functionalised resins (e.g. 
Diphonix
®
) were not attempted, due to considerable fear of producing as a by-
product, highly-toxic phosphine gas (PH3), which is a nerve agent. Above 750 °C, 
the overall trend was one of a slight enrichment for both elements. This could have 
been due to loss of volatile C and O. 
 
4.3.10 Mechanical stability 
 
The three highest surface area microsphere materials heated to 1350 °C (ZrCX-1 to -
3) were mechanically tested for robustness. ZrCX-1 was shown to be highly robust 
with a mean failure point of 38.3 N and sample standard deviation of 6.3 N (n = 10). 
A representative example of the force versus compression behavior is given in Figure 
4.10. ZrCX-3 behaved similarly, with a mean failure point of 24.7 N and sample 
standard deviation of 4.8 N (n = 10). Without exception, both materials failed 
catastrophically at their global maxima. However, it was found that the compression 
behavior for ZrCX-2 (n = 11) was not reproducible (data not shown). It appeared to 
behave as a crumbly, soft material would. Thus, interpretation was problematic as the 
materials sometimes showed two or more minor failure points. This was attributed to 
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the fractured nature of the microspheres which were irregular-shaped. This 
assymmetry may also have compromised their mechanical robustness, leading to 
much lower observed failure points. Given the prior Raman data and the brittleness 
of ZrCX-1 and -3, it is suggested that the carbon phase in each is related to glass-like 
carbon. 
The mean failure point reported above for ZrCX-1 is even more impressive 
when one considers that an individual microsphere weighs approximately 0.1 mg. 
Assuming g of 9.81 m s
−2
, this meant that a single microsphere could withstand a 
force equivalent to that exerted by a mass of about 4 kg in Earth’s gravitational field, 
around 40 million times its own mass! Consequently, if the microspheres were to be 
employed in a chromatographic column, column height should prove to be no 
limitation. Equally, this material could be used for adsorption in batch contact mode, 
or a fluidised bed, with no expectation of breaking. This was borne out by later 
adsorption experiments involving agitation, after which the microspheres were 
always observed to be intact. 
 
 
Figure 4.10 A typical example of a load versus compression profile for ZrCX-1. 
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4.3.11 Thermal stability 
 
The thermal stability of material ZrCX-1 was also investigated. The TGA data for 
ZrCX-1 and its carbon blank (Dowex
®
 DR-2030 parent resin heated the same way) 
are presented in (Figure 4.11). While the blank showed a continuous weight loss, 
ZrCX-1 exhibited a slight weight gain starting from 300–350 °C. This weight gain 
(ca. 2 wt%)—which appeared to be oxidation of the Zr2SC MAX phase—was far 
subtler than observed previously for the ZrC materials in Chapter 3. The carbon 
frameworks were also very thermally stable, only showing evidence of combustion 
from around 500 °C. 
 
 
 
Figure 4.11 TGA data. Key: blue, profile of ZrCX-1; and red, the carbon blank 
derived from the Dowex
®
 DR-2030 substrate. 
 
4.3.12 Adsorption Studies 
 
The adsorption pH dependence of ZrCX-1 as a function of pH was investigated 
(Figure 4.12); for the sake of comparison, employing the same four elements U, Mo, 
Cs and Sr, that were used in Chapter 3 for the PAN-based composites. This material 
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affinity above pH 10–11, for both Cs and Sr. While there were some striking 
parallels with the earlier ZrC-containing PAN-based composites materials, however, 
the pH profile shapes for this Zr2SC-containing composite were markedly different. 
Notably, Mo showed quantitative adsorption over a much wider range. The 
speciation of Mo and U were previously described more thoroughly in Chapter 3 and 
will be not be reiterated here.  
It is curious to note the seeming low affinity of ZrCX-1 for U at low pH, on 
the surface suggesting little affinity for the UO2
2+
 cation and its cationic hydrolysis 
products. The data presented by Krestou and Panias at 0.01 mol L
−1
 ionic strength 
and U(VI) total concentration of 1 × 10
−5
 mol L
−1
 (comparable to our experimental 
conditions) [236], indicate that the UO2(OH)2 neutral species begins to appear from 
pH 4, or possibly lower. At pH 4.5, however, it comprises less than 5% of total U; 
the remainder being the predominant species UO2
2+
 (80%), as well as cationic 
hydrolysis products UO2OH
+
 (ca. 13%) and (UO2)2(OH)2
2+
 (< 5%). Since the 
adsorption pH profile shows adsorption of 15−20% of total U at pH 4.5, this 
demonstrates at least some removal of some of UO2
2+
 or its hydrolysis products, 
albeit of a weak kind. The U pH profile plateaus approaching pH 7, where the neutral 
UO2(OH)2 predominates, then exhibits a point of upward inflection. The global 
maximum for U (> 90% extraction) occurs at close to pH 11, where according to 
Krestou and Panias’ data, the major species is the anionic UO2(OH)3
−
. 
A survey of adsorption at pH 2 for 41 elements (please refer to § 4.2.1 for the 
comprehensive list), demonstrated significant extraction only of oxospecies-forming 
elements, As (94 ± 4%), Se (93 ± 4%), Re (87 ± 7%) and P (> 95%), with no 
discernible cation adsorption. At this pH, As and P exist as neutral species (H3AsO4 
and H3PO4), while Se and Re are present as anions (SeO4
2−
 and ReO4
−
) [283]. The 
absence of U(VI) adsorption is consistent with the aforementioned pH profile, in 
which adsorption was observed only above approximately pH 3. While not every set 
of conditions can be covered, the clear pattern emerging from these two experiments 
is that only oxospecies adsorb. The adsorption of both Cs and Sr appear to be 
counterxamples which contradict this, however, a hypothesised mechanism, which 
accounts for the adsorption of oxospecies, as well as these two cationic elements, 
will be presented later in this section. 
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Figure 4.12 Adsorption pH dependence of ZrCX-1 for Mo, U, Cs and Sr. Key: Mo, 
black solid circles (green line); U, black solid squares (orange line); Sr, hollow 
downward triangles (red line); Cs, hollow upward triangles (blue line). Lines are 
intended as a guide to the eye only. 
 
 
The pH dependence of Re adsorption was subsequently studied (Figure 4.13), 
in order to investigate the potential of the materials for capture and transmutation of 
Tc. The adsorption of ReO4
−
 was nearly quantitative over a wide range of pH 3–10.5. 
The carbon blank obtained by subjecting Dowex
®
 DR-2030 resin to the same heat 
treatment (S.A.BET = 25 m
2
 g
−1
), was also investigated for comparison. This blank 
showed adsorption only over the range of pH 1–5 and a maximum extraction of ca. 
20% at pH 3. 
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Figure 4.13 Adsorption pH dependence of ZrCX-1 and corresponding carbon blank 
for ReO4
−
. 
 
Isotherm data was collected for ReO4
− 
adsorption onto ZrCX-1 at pH 5 and 
these were fitted with both Langmuir and Freundlich models (Figure 4.14); the 
isotherm fit parameters are given in Table 4.6. The Langmuir linear fit was superior 
(R
2
 = 0.993) to the Freundlich one (R
2
 = 0.949); the latter displayed significant non-
linearity. When applied to the isotherm data, the Langmuir model agreed well 
visually. The calculated value of qmax (adsorption capacity) for the Langmuir model 
was a modest 13.85 mg g
−1
 (ca. 0.074 mmol g
−1
). Given that the micropore content 
remarked upon earlier seemed to originate from the carbonaceous phase and 
adsorption behaviour was seemingly associated with the inorganic phase, this would 
imply that the high surface area was underutilised. One possible means of increasing 
the adsorption capacity could be to functionalise the micropores with sulphonate 
groups and repeat the Zr loading and carbothermal reduction steps. In this way, 
additional Zr2SC crystallites could conceivably be generated. 
Kinetics data for ReO4
− 
adsorption onto ZrCX-1 at pH 5 was collected and 
fitted with the pseudo-second-order model (Figure 4.15). The model fit parameters 
are presented in Table 4.7. Visually, the fit of the model to the data using these 
calculated constants was good. The model and data both indicated that the kinetics 
were much slower than those of the PAN-based material ZrHC-1 seen in the previous 
chapter, only reaching equilibrium in the range of 48–72 hours. The uptake at 24 
hours was ca. 96% of qe. The slower kinetics would likely be a consequence of the 
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small macropores content, contrasting with the earlier PAN-based material, which 
possessed large radial macropores. 
 
 
Figure 4.14 Adsorption isotherm data for ReO4
−
 adsorption onto ZrAX-1 at pH 5 
with Langmuir and Freundlich model fits. 
 
Table 4.6 Isotherm model fit parameters for ReO4
−
 adsorption onto ZrCX-1 at pH 5. 
Model qmax (mg g
−1
) b (L mg
−1
) n Kf (mg g
−1
) R
2
 
Langmuir 13.85 1.59   0.993 
Freundlich   2.97 6.56 0.949 
 
 
Figure 4.15 Adsorption kinetics for ReO4
−
 adsorption onto ZrCX-1 at pH 5 with 
pseudo-second-order model fit. 
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Table 4.7 Kinetic model fit parameters for ReO4
−
 adsorption onto ZrCX-1 at pH 5. 
Model qe (mg g
−1
) k2 (g mg
−1
h
−1
) R
2
 
Pseudo-second-order 0.203 1.98 0.999 
 
 
Temperature dependence adsorption data for Re onto ZrCX-1 was acquired 
(Figure 4.16) in order to measure thermodynamic parameters (Table 4.8). The Kd 
values decreased with increasing temperature. Measured values of ΔG° (Gibbs free 
energy) and ΔH° (enthalpy) were both negative, indicating a spontaneous, 
exothermic process. The ΔS° (entropy) value was negative, indicating some sort of 
ordering at the solid-solution interface. 
 
Figure 4.16 Temperature dependence data for ReO4
−
 adsorption onto ZrCX-1 at pH 
5. 
 
Table 4.8 Thermodynamic parameters for ReO4
−
 adsorption onto ZrCX-1 at pH 5. 
ΔS
°
 (J K
−1
 mol
−1
) 
 
ΔH
°
 (kJ mol
−1
) 
 
Temperature (°C) ΔG° (kJ mol−1) 
 −109.0 −57.07 30 −24.01 
  40 −22.92 
  50 −21.83 
 
Considering the markedly-different ReO4
−
 pH dependence results for both 
ZrCX-1 and the carbon blank, it appeared likely that the Zr2SC MAX phase was the 
origin of the adsorption behaviour. Nonetheless, direct evidence was sought by way 
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of microstructural chemical analysis. Utilising STEM-EDS, elemental mapping of a 
Re-loaded portion of material ZrCX-1 was undertaken (Figure 4.17). The STEM 
image (Figure 4.17a) clearly showed dark particles of the inorganic phase, contrasted 
against the lighter-shaded carbonaceous material. The EDS elemental maps of the 
same region (Figure 4.17b–e) virtually overlapped, demonstrating that the elements 
Zr, S, O and Re were all associated with one another. This was thus convincing 
evidence of the role of the Zr2SC phase in the observed adsorption properties. It can 
also be concluded that O content and excess S in the material indicated by the earlier 
compositional analysis, were not associated with the carbonaceous phase. It is 
possible that these make up part of a secondary inorganic phase, which could have 
been overlooked as a result of the small scale of the STEM-EDS specimen. It also 
cannot be ruled out that there are pockets of unreacted material made inaccessible to 
carbothermal reductive treatment as a result of shrinkage of the resin, as a thermal 
gradient was applied. The possibility also exists that some O remains dissolved 
within the Zr2SC lattice. Previous studies of ZrC and HfC powder synthesis have 
highlighted the very high temperatures required for complete removal of O from 
these compounds [141]. 
 
 
Figure 4.17 STEM studies of Re-loaded ZrCX-1. (a) Bright field image; and 
corresponding STEM-EDS elemental maps (b–e) of Zr, S, O and Re distributions. 
 
The number of reported studies on the neutron irradiation stability of MAX 
phases are relatively few [284-291]. A couple of promising phases, such as Ti3SiC2 
and Ti3AlC2, do seem to be quite resistant to radiation damage effects and 
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accordingly, are considered candidates for nuclear structural applications. Results to 
date would seem to indicate that the MAX A-layer is important as a sink for antisite 
defects and thus provides a possible means of damage recovery [285, 291]. 
Moreover, the bonding overlap in the MX-layer influences the antisite formation 
energies [285, 287]. However, there is still no reported data for the Zr2SC phase and 
its radiation stability remains untested. It is also questionable whether the often-
studied properties such as mechanical stability, which the prior work address, are 
directly relevant to the impact of neutron irradiation on the surface chemistry. Given 
the excellent prior results for other MAX phases, material ZrCX-1 appears to be a 
strong candidate for nuclear applications and the ReO4
−
 surrogate investigations 
demonstrate its potential applicability to removal of TcO4
−
 from liquid waste streams 
and subsequent transmutation. 
The adsorption results for ZrCX-1 contrast with published results of those of 
the MXenes, the MAX phases’ nearest relatives, which are high surface area two-
dimensional layered materials derived by exfoliating the MAX A-layer. They could 
be thought of as analogous to graphene, hence the suffix “-ene” in their name. These 
latter materials typically exhibit cation adsorption properties; adsorption of alkali 
metals, alkaline earth metals, Pb(II) and U(VI), have all been observed [292-294]. In 
an uncommon example, Ying and co-workers demonstrated removal of Cr2O7
2−
 
employing Ti3C2Tx (T = OH or F), which would appear to be attributable to 
protonated surface hydroxyl groups [295]. Despite these various prior works on 
MXenes, adsorption studies on MAX phases themselves would appear to be 
unprecedented. 
Having convincingly shown that the ReO4
− 
adsorption properties can be 
ascribed to Zr2SC, it is perhaps appropriate at this point in the discussion, to 
propound a possible mechanism to account for the various adsorption data. To 
summarise the preceding observations, for the most part, only oxospecies were 
observed to adsorb. These included oxoanions (SeO4
2−
, ReO4
−
, MoO4
2−
 and 
UO2(OH)3
−
), but examples of neutral oxospecies (H3AsO4, H3PO4, H2MoO4 and 
UO2(OH)2) and oxocation/s (UO2
2+
 and/or its cationic hydrolysis products) were also 
noted. There were also two apparent counterexamples, Cs and Sr, which were only 
adsorbed under highly-alkaline conditions. It is conceivable that other cationic 
elements surveyed at pH 2 could behave similarly, if the pH was sufficiently high. 
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The adsorption of neutral species suggests an electrostatic mechanism. Given the 
prevalent affinity of oxospecies for ZrCX-1, it is postulated that regions of positive 
charge on the Zr2SC phase surfaces are electrostatically-attracted to bonded O atoms 
on the adsorbate. The latter O atoms, due to their high electronegativity, should be 
electron-dense. To address the apparent counterexamples, Cs and Sr, one might 
further suggest that while these two elements do not form oxocations, the hydrolysis 
of their hydrated cations at high pH, would likely yield products with co-ordinated 
hydroxyl groups, such as Cs(OH), Sr(OH)
+
, etc. [235], which could potentially bind 
by a similar electrostatic mechanism involving electronegative O. It is also not 
outside the realm of possibility that the MAX phase A-layer S atoms terminating at 
the solid-liquid interface, are oxidised and ion exchangeable; this however, would 
only account for anion adsorption behaviour. 
The reusability of ZrCX-1 was also investigated for two cycles, by varying 
the HNO3 concentration of the contact solution. For the first cycle, adsorption and 
desorption were 96% and 76%, respectively; for the second cycle, these were 96% 
and 89%, respectively. These results demonstrate that the microsphere material could 
in principle be recycled. 
 
 Conclusions 4.4
 
The materials presented in this chapter were quite possibly the first examples of a 
MAX phase (Zr2SC) prepared in porous granular forms; that is to say, there are no 
prior published examples. They were prepared by a straightforward synthetic 
procedure involving cation exchange of the Zr tetramer into various sulphonated PS-
DVB organic ion exchangers, followed by carbothermal reduction. This resulted in 
the formation of extremely robust and lustrous black microspheres. These products 
represented an advance over the sphere materials presented in the previous chapter, 
in terms of mechanical strength, surface area and simplicity of fabrication. 
XRD confirmed the presence of the hexagonal MAX phase Zr2SC and peak 
positions were successfully fitted with the Rietveld Method, permitting calculation of 
lattice dimensions. These values agreed well with prior published examples. Zr 
content appeared to be an important factor in the formation of this phase; higher Zr 
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content correlated with its appearance. The MAX phase-containing microsphere 
materials also exhibited very high micropore surface areas, in cases, greater than 600 
m
2
 g
−1
. SEM investigations found that the materials otherwise largely retained the 
pore structure of the precursor resins, most notably two of these materials (ZrCX-1 
and -2), which were based on macroporous resin substrates. Gel resin-derived 
microspheres were found to be lacking in macropores and large mesopores, 
consistent with the presence only of microporosity. 
One of the Zr2SC-containing materials, ZrCX-1, was chosen for further study 
of its temperature-dependent evolution, based on its most favourable properties, 
which included hierarchical pore structure, high surface area and compressive 
mechanical strength. The Zr2SC phase formed at high temperature from a tZrO2 
intermediate, which crystallised at much lower temperature. Observed changes in 
inorganic crystal structures, carbon in-plane crystallite sizes and surface areas, 
together pointed to micropore formation being a phenomenon arising from reactive 
carbon removal. By extension, this explanation probably also accounts for the high 
surface areas in the other two MAX-phase containing materials and the low surface 
areas in the other two lacking this phase. 
It was shown that ZrCX-1 has affinity for an array of different adsorbates, the 
majority of which were oxospecies-forming elements (Mo, U, As, Se, P and Re), 
including anions, neutrals and oxocations. The adsorption of Cs and Sr were also 
demonstrated at high pH, under conditions of which cation hydrolysis may have 
occurred. A possible mechanism was postulated, involving electrostatic interaction 
between electron-rich, metal-bound O and positively-charged regions on the MAX 
phase surface. Examination of a Re-loaded specimen employing STEM-EDS, 
confirmed concentration of this element on the surface of the inorganic carbide, as 
opposed to the carbonaceous phase. Measured thermodyamic parameters indicated 
that the adsorption process is spontaneous and exothermic. Preliminary data also 
showed that the ReO4
−
 adsorption is reversible and that this microsphere material is 
therefore potentially recyclable. 
Although exhibiting a marginally-improved adsorption capacity over the PAN-
based ZrHC-1 of Chapter 3, the modelled adsorption kinetics of ZrCX-1 revealed far 
poorer performance than for the earlier material, with equilibrium only reached 
within 48–72 hours. This was attributed to a radically-different pore structure in the 
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resin-based material, comprising micropores, mesopores and small macropores, but 
lacking in large macropores. This highlights the need for resin precursors with more 
open and connected pore structures conducive to efficient mass transfer. It was also 
suggested that capacity could be further optimised by utilising the high micropore 
surface area for additional Zr-loading, together with repeated carbothermal reduction. 
Of course, effective functionalisation (e.g. sulphonation to provide a source of S) 
would be a prerequisite for this to be achieved. The inherent adsorption properties 
and hierarchical pore structure of the ZrCX-1 microspheres potentially provide a 
facile means for TcO4
−
 capture using column chromatography; and subsequent 
transmutation while loaded onto the microsphere matrix. These could, for example, 
be contained within a neutron-transparent Zr alloy column housing. Following 
neutron irradiation, the transmutation products could then be conveniently eluted, 
with the possibility existing for reloading. Although one might anticipate good 
radiation stability based on the previous studies of other MAX phases, the actual 
performance of the Zr2SC phase when subjected to neutron irradiation is unknown 
and this should be an area of future research. 
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5 POROUS CARBON-ZIRCONIUM CARBIDE MICROSPHERES 
PREPARED BY ANION EXCHANGE ROUTE 
 
 Introduction 5.1
 
In Chapter 3, PAN-based granular composites of carbon and ZrC produced by 
carbothermal reduction were presented, in some cases, generating ZrC in high yield. 
Although prone to breaking when agitated, their surface areas were moderately high 
and their adsorption kinetics were rapid; the latter property was attributed to their 
radial macropore structure, facilitating efficient mass transfer. These materials were 
thus credible candidate materials for column-based processing. Later, in Chapter 4, 
carbon-ceramic composites were introduced, which were synthesised by 
carbothermal reduction of Zr-loaded sulphonated PS-DVB cation exchange resins. 
These cation exchange resin-derived materials represented great improvements upon 
surface area, ease of synthesis and mechanical strength. Notably, these latter 
composites contained the MAX phase carbide, Zr2SC.  
It was then wondered whether the synthesis of ZrC-based microspheres could 
be accomplished using a similar ion exchange strategy. However, Zr-loaded 
precursors free of S content would be needed to successfully achieve this. For this 
purpose, loading of weak cation exchange resins using carboxylate functionalities 
were initally investigated with ZrOCl2 solutions, but found to be unsuitable due to 
the narrow functional pH range of the carboxylate moiety (pH 4–7). Having ruled out 
this avenue of inquiry, strong anion exchange resins were subsequently considered, 
because of the anticipated wider working pH range of these sorbents (pH 1–13). 
These studies form the basis for the present chapter. A strong anion resin with a 
quaternary amine functionality might serve as a suitable choice, because this type of 
resin contains only the common low neutron absorption cross-section elements C, N 
and H. Necessarily though, loading of the resin would require Zr to be present in an 
anionic form. Salts of hexafluorozirconate (ZrF6
2−
) are commercially available and 
were contemplated in the first instance; but, one might foresee the formation of 
highly-toxic HF gas during thermal treatment. This is a credible scenario given 
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previous experiences of H2S formation with the cation exchange resin-derived 
materials. A complex based on an entirely organic ligand, however, should pose no 
such problem. The oxalate complexes of Zr are well-known and would seem to be an 
obvious starting point [269, 296-300]. These complexes are simple to synthesise; 
employ commonly-available reagents; contain no high neutron absorption cross-
section elements; and their organic oxalate ligands should carbonise cleanly, 
producing no very toxic by-products. 
186
Re and 
188
Re are two medical radioisotopes with important uses in targeted 
radionuclide therapy. 
188
Re is especially useful for the latter, because of its high 
energy beta emission (2.11 MeV) for effective destruction of tumour cells; its 
associated gamma emission (155 keV), permitting real-time imaging; and long 
generator shelf-life [301]. The carrier molecules employed for targeting various 
organs and tissues, have been reviewed elsewhere in considerable depth. As a 
notable example, 
188
Re-HEDP is employed for palliation of pain in bone metastases 
[302].  
The two radioisotopes are typically manufactured by irradiation of 
isotopically-enriched metal or oxide targets [303, 304]. 
186
Re (1/2 = 3.72 days) is 
synthesised from reactor-based neutron activation of 
185
Re (Reaction 5.1), or 
cyclotron-based proton bombardment of 
186
W (Reaction 5.2) [305]. 
188
Re (1/2 = 17.0 
hours) is produced by double neutron capture reaction of 
186
W and subsequent beta 
decay of the resulting 
188
W product (1/2 = 69.8 days) (Reactions 5.3 and 5.4) [304]. 
Thus, 
188
Re is conveniently eluted from generators loaded with the relatively long-
lived 
188
W. 
 
𝑅𝑒 + 𝑛 →  𝑅𝑒186185 +   
 
(Reaction 5.1) 
 
𝑊 + 𝑝 →  𝑅𝑒186186 +  𝑛  (Reaction 5.2) 
   
𝑊186 + 2𝑛 →  𝑊188 + 2  (Reaction 5.3) 
   
𝑊 →  𝑅𝑒188188 +  𝛽− +  ̅𝑒  (Reaction 5.4) 
 
 
157 
 
 The irradiated targets are subsequently dissolved in NaOH/H2O2 solutions and 
loaded onto alumina generators for dispatch to point-of-use [303, 304]. It is 
conceivable that the dissolution steps could be eliminated by the loading of porous 
inert targets by adsorption processes. 
The primary objective of the present work, based on our published manuscript 
[306], was the creation of an analogous set of materials to those presented in the 
previous chapter, but utilising precursors free of S content, in order to promote ZrC 
formation. To this end, an anion exchange strategy was pursued, using the 
trisoxalatozirconate(IV) complex ion [298] to introduce Zr into quaternary amine-
functionalised PS-DVB strong anion exchange resins; the materials were extensively 
characterised and their Re and W adsorption properties investigated. 
 
 Experimental 5.2
 
5.2.1 Materials 
 
All reagents (including anion exchange resins) were used as received without further 
purification. Amberlite
®
 IRA-900 chloride form, Dowex
®
 22 chloride form, 
AMBERJET
®
 4200 chloride form, Dowex
®
 1X4 chloride form, ZrOCl2.8H2O (98%), 
ammonium oxalate hydrate ((NH4)2C2O4.H2O, >= 99%), Na2MoO4.2H2O (> 99.5%), 
CsNO3 (99.999%), Sr(NO3)2 (99.995%) and sodium tungstate dihydrate 
(Na2WO4.2H2O, >= 99%) were obtained from Sigma Aldrich, Australia; NaReO4 
(99.9%) was obtained from Strem Chemicals, USA. Depleted UO2(NO3)2.6H2O was 
sourced in-house and its purity (> 99%) confirmed by ICP-MS. Analytical grade 50 
wt% aqueous NaOH was purchased from Fluka Chemicals, Australia; and trace 
metal analytical grades 69% HNO3 and 32% HCl, from Merck, Australia. A custom 
multi-element standard  (2% HNO3 matrix, > 99.96 % purity) was supplied by High 
Purity Standards, USA. This solution was 10 mg L
−1
 with respect to each element 
and included Al, As, Ba, B, Cd, Ca, Ce, Cs, Cr, Co, Cu, Dy, Er, Eu, Gd, Ga, Ho, Fe, 
La, Pb, Li, Mg, Mn, Nd, Ni, P, K, Pr, Re, Rb, Sm, Se, Na, Sr, Tl, Tm, U, V, Yb and 
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Zn. Both instrument air and 3.5 mol% H2-Ar gas mix were sourced from Coregas, 
Australia. Milli-Q
®
 high purity water (18.2 MΩ.cm) was used for all experiments. 
 
5.2.2 Nomenclature 
 
The following naming system was used. Zr indicated the adsorbed metal, AX 
represented anion exchange and a numerical suffix, -n, indicated the particular resin 
used. The Zr-loaded resins, their source materials and characteristics are presented in 
Table 5.1. 
 
Table 5.1 Characteristics of anion exchange resin source materials. 
Name Resin substrate Morphology Functionality Size 
ZrAX-1 Amberlite
®
 IRA-
900 Cl 
Macroporous Trimethylammonium 620–850 
μm 
ZrAX-2 Dowex
®
 22 Cl Macroporous Dimethylethanolbenzyl 
ammonium 
16–50 
mesh 
ZrAX-3 AMBERJET
®
 4200 
Cl 
Gel Trimethylammonium 600–800 
μm 
ZrAX-4 Dowex
®
 1X4 Cl Gel Trimethylammonium 20–50 
mesh 
 
 
5.2.3 Synthesis 
 
5.2.3.1 Preparation of Zr-oxalate precursor 
 
Oxalate chelate complexes of Zr are known to be able to accommodate up to four 
bidentate oxalate (C2O4
2−
) units per unit of 8-coordinate Zr(IV) [269]. Drawing upon 
the synthetic method of Bochkarev et al. [298], an approximately 0.05 mol L
−1
 Zr-
oxalate anionic complex, nominally ammonium trisoxalatozirconate(IV) 
(NH4)2[Zr(C2O4)3]) was produced as follows. With magnetic stirring in a large 
beaker, 500 mL of an aqueous 0.1 mol L
−1
 ZrOCl2 solution was added in 10 mL 
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increments to 500 mL of aqueous 0.3 mol L
−1
 (NH4)2C2O4 solution until the former 
reagent was consumed. The resulting solution was often visibly cloudy, in which 
case it was clarified by gentle heating (< 50 °C) together with magnetic stirring. 
 
5.2.3.2 Loading of resins 
 
In all cases, anion exchange resins were loaded by contacting with 0.05 mol L
−1
 Zr-
oxalate complex solution at a volume-to-mass ratio (V/m) of 50 mL g
−1
 for one day. 
Gentle agitation was provided with a KS 250 basic platform shaker (IKA
®
, 
Germany). The loaded resins were collected under suction on a Büchner funnel/flask 
assembly and then thoroughly washed with Milli-Q
®
 water. Residual unadsorbed 
complex in the resin pores was removed by agitating for one day in Milli-Q
® 
water at 
a V/m of 50 mL g
−1
 (with respect to the original starting mass). The loaded resins 
were re-washed and air-dried overnight under suction. The air-dried solids were 
vacuum-dried overnight at 60 °C (Thermo Electron, Germany). 
 
5.2.4 Thermal Treatment 
 
Carbothermal reduction at 1350 °C of Zr-loaded anion exchange resins was 
conducted exactly as previously detailed in § 3.2.3.2 for the PAN-based composites. 
 
5.2.5 Characterisation 
 
The methods used for characterisation were virtually identical to the those of their 
cation exchange resin counterparts detailed in § 4.2.5. Microanalysis was carried out 
as in § 4.2.5.9, but N was analysed in addition to O. 
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5.2.6 Adsorption studies 
 
5.2.6.1 Selectivity survey at pH 2 
 
A solution 0.1 mg L
−1
 with respect to 40 elements was prepared by dilution of a 10 
mg L
−1
 custom standard (please refer to § 5.2.1 for full details) 100-fold into pH 2.5 
HNO3 solution. This solution was further adjusted to pH 2 with addition of aqueous 
HNO3 and accompanied by magnetic stirring. 
Batch contact was conducted in triplicate at V/m of 200 mL g
−1
 with one day 
contact time and with gentle agitation provided by a KS 250 basic platform shaker 
(IKA
®
, Germany). Supernatants were sampled by pipette and analysed on an Agilent 
7900 ICP-MS. 
 
5.2.6.2 pH profiles 
 
Preparation of Mo, Cs, Sr and U cocktails were conducted by the same protocol as 
described in § 4.2.6.2. 
For Re and W pH dependence, a stock solution, 10 mg L
−1
 with respect to 
both Re and W, was produced by dissolution of NaReO4 and Na2WO4.2H2O in Milli-
Q
®
 water. This stock was pH adjusted with either aqueous HCl or NaOH solutions, 
accompanied by magnetic stirring, to produce solutions of different pH. The final pH 
values were measured after one day. 
Contact experiments were performed in triplicate at V/m of 200 mL g
−1
 and 
solid/liquid mixtures agitated with a KS 250 basic platform shaker (IKA
®
, Germany). 
Contact times were one day for Sr, Mo, Cs and U pH dependence; and three days for 
Re and W pH dependence. Samples and stocks for Sr, Mo, Cs and U pH dependence 
were filtered through 0.22 μm syringe filters (Sartorius); Re and W pH dependence 
solutions were not filtered, but immediately diluted for ICP-MS analysis. Elemental 
concentrations in Sr, Mo, Cs and U pH dependence solutions were determined with 
an Analytik Jena 820-MS ICP Mass Spectrometer; and in Re and W pH dependence 
solutions, with an Agilent 7900 ICP Mass Spectrometer. 
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5.2.6.3 Capacity and kinetics 
 
For capacity measurements, 25 mg L
−1
 Re (pH 5) and 100 mg L
−1
 W (pH 3) 
solutions were produced by dissolution of NaReO4 and Na2WO4.2H2O salts in Milli-
Q
®
 water, respectively, with subsequent pH adjustment of these solutions using 
aqueous HCl, together with magnetic stirring. The solutions were aged for a day 
before use. For kinetics measurements, a 1 mg L
−1
 Re  solution (pH 5) was prepared 
in a similar fashion. 
For capacity, single solid/liquid mixtures as well as stocks (in triplicate) were 
agitated with a contact time of four days and V/m varied between about 50 and 1000 
mL g
−1
. Each data point was represented by a single measurement. No solution was 
filtered after contact, but rather diluted for immediate ICP-MS analysis. For kinetics, 
time was varied between 15 minutes and four days and batch contact was conducted 
in triplicate for each data point, with V/m was kept constant at 200 mL g
−1
. Kinetics 
solutions were not filtered after contact, but diluted and temporarily stored while 
awaiting ICP-MS analysis. Measurements of Re and W concentrations were 
performed with an Agilent 7900 ICP Mass Spectrometer. 
 
5.2.6.4 Re and W loading for STEM-EDS 
 
Loading of materials for STEM-EDS was achieved with 25 mg L
−1
 Re (pH 5) 
solution and 100 mg L
−1
 W (pH 3) solutions, respectively, at V/m of 2000 mL g
−1
 
with four days contact time. After removal of supernatants, the solids were dried 
overnight in a Heraeus
®
 vacuum oven (Thermo Electron, Germany) at 60 °C. 
 
5.2.6.5 Thermodynamics 
 
A pH 5, 25 mg L
−1
 Re solution was prepared by dissolution of NaReO4 in Milli-Q
®
 
water and pH adjustment with aqueous HCl, as above.  
Materials were contacted in triplicate at V/m of 100 mL g
−1
 with four days 
contact time. Contact experiments at ambient temperature (22 °C) were performed 
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with agitation provided by a KS 250 basic platform shaker (IKA
®
, Germany). 
Temperature was monitored with a platinum resistance thermometer. For elevated 
temperatures of 40 and 60 °C, a WTC Binder BFED-53 temperature-controlled 
shaker oven was employed. Supernatants were separated from solids by pipette and 
cooled to room temperature, before dilution and analysis on an Agilent 7900 ICP-
MS. 
 
 Results and Discussion 5.3
 
5.3.1 Zr loading of resins 
 
The refractory contents of the various Zr-loaded resins were measured using TGA to 
infer successful Zr loading, as was conducted in the previous chapter (Figure 5.1). 
Calculated refractory residues for ZrAX-1 to -4 precursors are given in Table 5.2, as 
well as surface areas of the carbothermally-reduced variants. ZrAX-1 gave a 
refractory residue in the vicinity of 18 wt% which was the largest amongst the four 
materials. The residues of the other three resins ranged from approximately 10–13 
wt%. The surface areas of the Zr-loaded resins after carbothermal reduction, broadly 
reflected the degree of Zr loading in the precursor materials. The three microsphere 
materials derived from precursors with lower loadings (ZrAX-2 to -4), gave surface 
areas in the range of 75–135 m
2
 g
−1
, while ZrAX-1, possessing a much higher 
loading, yielded a product with an impressive surface area of 448 m
2
 g
−1
. As 
observed in the previous chapter, increasing Zr loading seemed to have an positive 
effect on surface area. 
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Figure 5.1 TGA of Zr-loaded anion resin precursors. Key: black, ZrAX-1; blue, 
ZrAX-2; red, ZrAX-3; green, ZrAX-4. 
 
Table 5.2 Refractory residues obtained from TGA of unheated Zr-loaded cation 
resins; and corresponding BET surface areas of 1350 °C-heated products. 
Material Residue (%) BET surface area (m
2
 g
−1
) 
ZrAX-1 17.8 448 
ZrAX-2 12.3 75 
ZrAX-3 10.8 139 
ZrAX-4 10.7 135 
 
 
5.3.2 Thermal treatment 
 
The products formed by carbothermal reduction of Zr-loaded anion exchange resins 
appeared much the same as the microspheres from the previous chapter, i.e., lustrous, 
black and highly spherical; and displaying noticeable shrinkage compared with their 
precursors. Optical images of the various Zr-loaded resins and their carbothermally 
reduced counterparts are given in Figure 5.2. 
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Figure 5.2 Optical microscopy images of Zr-loaded anion exchange resins before and 
after 1350 °C heat treatment. (a) and (b), ZrAX-1; (c) and (d), ZrAX-2; (e) and (f), 
ZrAX-3; (g) and (h), ZrAX-4. All images were taken at the same scale. 
 
5.3.3 Scanning Electron Microscopy (SEM) 
 
The internal pore structures of the microspheres were imaged with SEM (Figure 5.3). 
The macroporous resin-derived ZrAX-1 (Figure 5.3a and b) showed great textual 
similarity to its cation exchange resin counterparts in the previous chapter, i.e., no 
very large macropores were observable at low magnification; and an irregular coral-
like morphology was evident at higher magnification, with spacings between coral 
branches interpreted as mesopores and small macropores. The other materials (Figure 
5.3c–h) similarly showed no large macropores, but also much less grainy texture and 
no coral-like morphology at high magnification. 
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Figure 5.3 SEM images of internal fractured microsphere surfaces at 1,000 and 
50,000 × magnification. (a) and (b) ZrAX-1; (c) and (d) ZrAX-2; (e) and (f) ZrAX-3; 
(g) and (h) ZrAX-4. 
 
5.3.4 Mercury Intrusion Porosimetry 
 
The two materials based on macroporous substrates were studied by Mercury 
Intrusion Porosimetry, as in the previous chapter. Material ZrAX-1 demonstrated 
similar cumulative and incremental intrusion curves (Figure 5.4a and b) to those of 
ZrCX-1 and ZrCX-2, with initial intrusion of interstitial porosity then intrusion of 
mesopore openings at higher intrusion pressure. Interestingly, the two curves of 
ZrAX-1 displayed a slight upward inflection at the high pressure end, suggesting the 
start of intrusion of another pore regime (< 3 nm). The results for ZrAX-2 (Figure 
5.4c and d) did not conform to expectation; it only demonstrated intrusion of 
interstitial porosity which was not well-defined, possibly reflecting a broad 
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distribution of microsphere diameters. Also, a subtler upward inflection than for 
ZrAX-1 at the high pressure end was seen, suggesting possible commencement of 
intrusion of very small mesopores. Summarising, we can say that the surface of 
ZrAX-1 possessed mid-sized mesopore openings (18 nm), while ZrAX-2 had also 
had a possibly mesoporous/microporous surface, but of much smaller pore diameter 
(< 3 nm).  
 
 
 
Figure 5.4 Mercury Intrusion Porosimetry of macroporous anion resin-derived 
microspheres. (a) Cumulative intrusion versus pore size for ZrAX-1; (b) Incremental 
intrusion versus pore size for ZrAX-1; (c) Cumulative intrusion versus pore size for 
ZrAX-2; (d) Incremental intrusion versus pore size for ZrAX-2. 
 
5.3.5 Nitrogen Porosimetry 
 
The four heated materials were studied by Nitrogen Porosimetry. Nitrogen 
adsorption-desorption isotherms for ZrAX -1 to -4 are given in Figure 5.5a. For the 
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sake of clarity, isotherms for ZrAX-2 to -4  are also presented against a smaller scale 
in Figure 5.5b. The four materials each consisted of hybrids of Type I and Type IV 
isotherms, indicating the presence of both microporosity and mesoporosity, 
respectively. The isotherm of ZrAX-1 exhibited multiple hysteresis loops and also 
demonstrated good closure. Its character was much more Type IV (mesoporous) than 
Type I (microporous) [165]. The first hysteresis loop to emerge in the desorption 
branch was a flat plateau, indicating that pores were completely filled and 
consequently, that there was insignificant large macropore or external surface area. 
Contrasting this, the ZrAX-2 to -4 microspheres, each displayed much more Type I 
character, with their less-pronounced Type IV hysteresis loops demonstrating poor 
closure, only approaching closure in the micropore region of relative pressures. 
These incomplete closures might be explained by deformation of the materials 
preventing complete desorption; a possible chemical interaction with the pore 
surfaces delaying desorption; or simply very constricted or tortuous porosity. 
Attempts at increasing the equilibrium time or degas temperature did not seem to 
improve these these outcomes. 
PSDs for the four materials are presented in Figure 5.5c–f. For all materials, 
the BJH model returned artifact peaks [231] as experienced in the previous two 
chapters. The peaks each possessed suspiciously steep inclines at the higher pore 
width faces. The DFT model, in contrast, gave more sensible and credible continua 
of pore sizes. Material ZrAX-1 (Figure 5.5 c) was multi-modal, showing large pore 
volumes from micropores up to the macropore region. In ZrAX-2—supposedly based 
on a macroporous resin substrate—there was a mixture of micropores and small 
mesopores with negligible pore volume beyond a pore width of 10 nm (Figure 5.5 d). 
This outcome would therefore seem to contradict the specifications for the precursor 
resin. Materials ZrAX-3 and -4 (Figure 5.5 e and f) also possessed mixtures of 
micropores and small mesopores, but their largest pore sizes extended to around 20 
nm. 
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Figure 5.5 Nitrogen Porosimetry data. (a) and (b) Nitrogen adsorption-desorption 
isotherms. Key for both graphs: black, ZrAX-1; blue, ZrAX-2; red, ZrAX-3; green, 
ZrAX-4. (c–f) PSDs for ZrAX-1 to -4. Key: red, BJH; blue, DFT. BJH curves are 
plotted against the left axes and DFT curves are plotted against the right axes. 
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5.3.6 X-Ray Diffraction (XRD) 
 
Carbothermal reduction of the suite of materials resulted in crystallisation in every 
case, as evidenced by reflections in the XRD patterns (Figure 5.6; Rietveld profile 
fits are also shown). Rietveld analysis (Table 5.3) showed that material ZrAX-1 was 
phase pure ZrC, with no detectable crystalline impurities. Contrasting this, ZrAX-2 
to -4 were composed of mixtures containing some ZrC (11.9–17.3%), but 
predominantly tZrO2 (71.4–83.4%). ZrAX-2 alone contained mZrO2 (16.6%). One 
possible explanation for the mixture of phases in the latter materials, is that the O 
removal kinetics were impeded by the much smaller pore regimes. ZrAX-1, 
however, possessed multi-modal porosity extending up to small macropore sizes. 
Another correlation with ZrC conversion efficiency, is the Zr loading in the resin, 
which was measured to be much higher in this material, compared to the other three. 
However, the high O content (~7.6 wt%) of ZrAX-1 needs to be reconciled with its 
apparent phase purity. We will attempt to locate the whereabouts of this O later in § 
5.3.12, when elemental mapping data is presented. 
 
5.3.7 Structural evolution with temperature 
 
The evolution of structure with temperature was studied for ZrAX-1 (Figure 5.7). 
Powder XRD patterns (Figure 5.7a) demonstrated the presence of tZrO2 already 
fully-formed at 850 °C which was retained up to 1150 °C, at which point, ZrC was 
observed beginning to appear. By 1350 °C, the ZrAX-1 microspheres were 
seemingly phase-pure ZrC. Surface area data (Figure 5.7b) correlated with these 
changes. From 850 to 1050 °C, the materials consisted of mostly micropore surface 
area with a minority of external surface area (defined as non-micropore surface area, 
including mesopores and macropores). By 1150 °C, micropore and external surface 
areas were equal in magnitude. From 1150 °C, the micropore surface area 
predominated, reaching a near-plateau at 1250 °C. This was accompanied by a drop 
in external surface area. The corresponding isotherms (Figure 5.7c) from 850 to 1050 
°C each contained a Langmuir-like Type I low pressure knee and plateau, albeit with 
hysteresis loops towards P/P0 of unity, reflecting some mesopore content. By 1150 
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°C, the low pressure knee had increased in intensity. At 1250 and 1350 °C, the Type 
I plateau had been replaced with an incline and a second hysteresis loop had 
appeared. 
 
 
Figure 5.6 Powder XRD patterns of 1350 °C-heated ZrAX-x spheres and Rietveld 
fits, (a–d):  ZrAX-1 to -4. Key: c, cubic phase, ZrC; m, monoclinic phase, ZrO2; t, 
tetragonal phase. 
 
Table 5.3 Rietveld analysis. 
Material Phase % a (Å) b (Å) c (Å)  (°) vol (Å
3
) 
ZrAX-1 ZrC 100 4.6895 4.6895 4.6895  103.1278 
ZrAX-2 ZrC 11.9 4.6746 4.6746 4.6746  102.1471 
 tZrO2 71.4 3.5906 3.5906 5.1866  66.8668 
 mZrO2 16.6 5.1254 5.0875 5.4609 98.6774 140.7666 
ZrAX-3 ZrC 17.3 4.6805 4.6805 4.6805  102.5335 
 tZrO2 82.7 3.5987 3.5987 5.1437  66.6145 
ZrAX-4 ZrC 16.6 4.6795 4.6795 4.6795  102.4693 
 tZrO2 83.4 3.5998 3.5998 5.1362  66.5594 
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Figure 5.7 Temperature dependence for ZrAX-1. (a) Powder XRD patterns for 850 to 
1350 °C. Key: c, (cubic) ZrC; t, (tetragonal) tZrO2. (b) Surface areas for 850 to 1350 
°C. Key: black solid squares, BET; grey solid squares, t-plot micropore; hollow 
squares, t-plot external. (c) Nitrogen adsorption-desorption isotherms for 850 to 1350 
°C and (d), corresponding DFT pore size distributions. Key for both: orange,  850 
°C; purple, 950 °C; dark green, 1050 °C; black, 1150 °C; red, 1250 °C; blue, 1350 
°C. (e) In-plane carbon crystallite sizes calculated from 514 nm Raman spectra. 
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The changes in isotherm shape are more readily explained by inspection of 
the DFT pore size distributions (Figure 5.7d). At 850 °C and higher temperatures, all 
isotherms contained a mesopore component (tens of nanometres in diameter) which 
remained essentially unchanged. Apparent bimodal micropores were seen at 850 °C, 
which appeared to gradually shift to higher pore diameters as temperature increased 
to 1050 °C. By 1150 °C, both the size shift and bimodality were quite plain to the 
eye, moving close to the mesopore threshold (2 nm) and exhibiting a considerable 
increase in pore volume. By 1250 °C, the shift of the two modes was substantial, 
moving well into the mesopore region accompanied by an even larger growth of pore 
volume. Hence, we can see that the isotherm shape changes from mainly Type I 
character to a mixed Type I/Type IV character, which reflects the superposition of 
differing amounts these two pore size regions, including a move towards two 
mesopore modes. 
The hypothesised cause of these changes is the same one posited in the 
previous chapter, i.e., direct reaction of carbon, or activation of carbon, as a 
consequence of release of O or O-containing species. Although the Nitrogen 
Porosimetry is non-specific with respect to the type of material associated with the 
pores, a more direct confirmation of carbon’s involvement is evidenced by the 
changes in the in-plane carbon crystallite sizes, calculated from the Raman 514 nm 
laser excitation spectra (Figure 5.7e). A systematic decrease of in-plane crystallite 
size with increasing temperature was seen, similar to the temperature dependence 
series in Chapter 4. Taken together with the XRD and porosimetry temperature 
dependence data above, this suggested that larger pores were generated in carbon at 
the expense of in-plane crystallite size, associated in part with the evolution of 
crystalline phases. 
 
5.3.8 Elemental composition 
 
Compositional data were obtained using NAA and Microanalysis (Table 5.4). The 
NAA analysis expectedly revealed Zr, Hf and residual Cl—up to 0.5 wt% of the 
latter—originating from the anion exchange resin precursors and metal loading. 
Other minor trace contaminants detected included Ca, Al, Na, K, Sr, Cs, Er, Lu and 
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Nd. Measured Zr contents correlated well with the refractory residues for the Zr-
loaded and unheated precursors. The Zr content of the unheated ZrAX-1 precursor 
(ca. 13 wt%) was readily calculated from the TGA refractory residues presented 
earlier; Zr was therefore concentrated approximately four-fold upon high temperature 
treatment, to ca. 52 wt%. The Cl content in the four materials is an interesting point 
of discussion. Although Cl should mostly be removed by ion exchange by the Zr-
oxalate complex, some residual content is to be expected. On heating, one might 
expect the remainder to volatilise. The Cl content of ZrAX-1 was much lower than 
the others; superficially, this could be attributed to the more open and less constricted 
porosity of this material. However, the N concentrations of the suite of materials 
were all very similar. Some O content was also noted in each of the microsphere 
materials and as with the materials in the preceding chapter; this suggests some oxide 
content, reflecting incomplete carbothermal reduction or pockets of inaccessible 
material. Some O may be present in an oxycarbide phase. This result accords with 
the earlier presented XRD data. In relative terms, the O content of ZrAX-1 was lower 
than the others, indicating a higher carbide content. 
 
5.3.9 Raman Spectroscopy 
 
Investigation of the carbon phase of ZrAX-1 was undertaken as in the preceding two 
chapters. Raman spectra acquired with visible (514 nm) and near-UV (325 nm) laser 
excitation are presented in Figure 5.8. This material exhibited the same D and G 
band features indicative of ringed sp
2
-hybridised carbon; as well as no T peak, which 
would have signalled sp
3
 bonding. The G peak dispersed slightly from the 514 nm to 
325 nm spectra, suggesting some structural disorder in the carbon crystallite [234]. 
This behaviour more closely resembled the PAN-based materials reported in Chapter 
3, rather than the sulphonated PS-DVB resin-derived materials from Chapter 4, 
which showed no G peak dispersion. The carbon losses for the present materials 
were greater than for the previous resin materials and this may be an important and 
pertinent clue as to why the former exhibit poorer structural ordering. 
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Table 5.4 Elemental compositions of the 1350 °C heated materials. 
Material Zr (wt%) O (wt%) Hf (wt%) N (wt%) Cl (wt%) Balance 
(wt%) 
ZrAX-1 52 ± 4 7.59 ± 0.15 1.18 ± 0.04 0.344 ± 0.007 0.00179 ± 0.00015 38 ± 4 
ZrAX-2 27.5 ± 1.9 10.0 ± 0.2 0.58 ± 0.04 0.459 ± 0.009  0.132 ± 0.009 61 ± 2 
ZrAX-3 32 ± 2 10.6 ± 0.2 0.73 ± 0.05 0.394 ± 0.008 0.50 ± 0.03 55 ± 3 
ZrAX-4 34 ± 2 11.0 ± 0.2 0.74 ± 0.05 0.343 ± 0.007 0.45 ± 0.03 53 ± 3 
 
 
Similar to the PAN sphere composites from Chapter 3, a broad hump at 
around 3000 cm
−1
 indicating sample heating, was observed in the 514 nm spectrum 
(data not shown) and this thwarted attempts to extract useful information from the 
2D overtone peak [171]. 
 
5.3.10 Mechanical stability 
 
Material ZrAX-1 displayed similar compression behaviour to that previously seen for 
materials ZrCX-1 and ZrCX-3 to -5 (§ 4.3.10), with failure accompanied by 
shattering of the microspheres. While ZrAX-1 was demonstrably robust, it showed 
greater variation than the former macroporous resin-derived materials, with an 
average measured compressive strength of 19.2 N and sample standard deviation of 
7.1 N (n = 10).  A representative example is given in Figure 5.9. 
 
 
Figure 5.8 Raman spectra for ZrAX-1. 
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Figure 5.9 Representative example of a load versus compression profile for ZrAX-1. 
 
5.3.11 Thermal stability 
 
Thermal analysis data is given in Figure 5.10. A carbon blank derived from the 
1350°C treatment of Amberlite
®
 IRA-900, exhibited continuous weight loss, while 
ZrAX-1 showed a significant weight gain starting from 250 °C. This was similar 
behaviour to its PAN-based counterpart in Chapter 3, although the thermal stability 
of the resin-derived carbon phase was superior. 
 
Figure 5.10 TGA data. Key: blue, profile of ZrAX-1; and red, the carbon blank 
derived from the Amberlite
®
 IRA-900 substrate. 
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5.3.12 Adsorption studies 
 
In a similar fashion to the previous two chapters, the adsorption pH dependence 
behaviour of ZrAX-1 for Mo, U, Cs and Sr was investigated (Figure 5.11). Although 
clearly not identical, the present set of pH profiles were somewhat reminiscent of 
those of ZrAI-2 and ZrHC-1 presented in Chapter 3, which also contained the ZrC 
phase. Once again, we saw high affinity for Mo at low pH; U at a higher pH; no 
affinity for Cs; and Sr showing adsorption only at high pH. We will not reiterate the 
discussion of U and Mo speciation here, but the adsorption of anionic, neutral and 
cationic oxospecies can be inferred, as in Chapter 3. 
  Adsorption at pH 2 for 40 elements was also surveyed (please refer to § 5.2.1 
for the comprehensive list). As previously found in Chapter 4, only oxospecies-
forming elements were observed to adsorb, namely, As (98.4 ± 0.4%), Se (82.0 ± 
0.3%), Re (89.1 ± 0.4%) and P (> 95%). 
The adsorption pH dependence behaviour of ZrAX-1 for Re and W were 
investigated in a HCl-NaOH matrix, with 
186
Re and 
188
W/
188
Re production in mind 
(Figure 5.12). The extraction of W was high (> 90%) only at relatively low pH (pH 
1–4), while the extraction of Re was high (> 90%) over the range pH 1–10.5. Thus, it 
appeared that overall, Re was more strongly bound. The results suggest that these 
two elements could be efficiently eluted with relatively concentrated NaOH 
solutions. 
The achievable loadings for Re and W were measured by acquisition of 
adsorption isotherms, which were subsequently fitted with Langmuir and Freundlich 
models (Figure 5.13a and b). The associated model fit parameters are given in Table 
5.5. While the Langmuir model proved to be a better fit to the W isotherm data, in 
the case of the Re isotherm, the Freundlich fit was marginally better. A possible 
reason for this is that the Freundlich model provides a better fit at lower values of Ce; 
and qe was still noticably increasing, i.e. it had not yet reached capacity. The capacity 
for Re indicated by the Langmuir qmax value was 11.06 mg g
−1
; however for W, this 
was 49.54  mg g
−1
, substantially greater. The sizable difference can be explained in 
terms of speciation of the two elements. Re is only known to exist as the 
mononuclear species, ReO4
−
. In contrast, at the co-ordinates of concentration and pH 
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used (Figure 5.14), W(VI) is believed to form a dodecanuclear species at 
equilibrium, but this is only reached after many days. Clusters with six W units form 
quite rapidly though [235]. Thus, it would seem that the W-containing clusters 
supplied more W atoms for each particle adsorbed, which accounts for the higher 
loading. The approximate ratio of 4.5 units of W to one unit of Re, falls short of the 
expected six units, which might be attributable to the expected greater footprint of 
the W cluster on the surface of the ZrAX-1 material and possible steric or repulsion 
effects between adjacent W-containing particles. 
 
Figure 5.11 Adsorption pH dependence of ZrAX-1 for Mo, U, Cs and Sr. Key: Mo, 
black solid circles (green line); U, black solid squares (orange line); Sr, hollow 
downward triangles (red line); Cs, hollow upward triangles (blue line). Lines are 
intended as a guide to the eye only. 
 
Figure 5.12 Adsorption pH dependence of ZrAX-1 for Re and W. 
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Figure 5.13 Isotherm adsorption data for (a) Re and (b) W onto ZrAX-1, with 
Langmuir and Freundlich model fits. 
 
Table 5.5 Isotherm model fit parameters for Re and W adsorption onto ZrAX-1. 
Element Model qmax (mg g
−1
) b (L mg
−1
) n Kf (mg g
−1
) R
2
 
Re Langmuir 11.06 0.571   0.974 
 Freundlich   2.80 3.94 0.976 
W Langmuir 49.54 0.821   0.993 
 Freundlich   5.54 24.85 0.771 
 
 
These loadings might seem modest, but in practice they could give rise to high 
activities of product. In the case of W, assuming loading with 100%-enriched 
186
W 
and complete conversion to 
188
W, this would equate to a maximum possible output of 
18 TBq (~500 Ci) of 
188
W per gram of loaded material. For 
186
Re, once again 
assuming 100% enrichment of 
185
Re and its complete transmutation, as much as 76 
TBq (~2000 Ci) of 
186
Re per gram of ZrAX-1 could be produced. For comparison, a 
commercial 
188
W generator typically holds 37 GBq (or 1 Ci) of 
188
W [301]. Of 
course, these figures are overly optimistic and do not take into account factors such 
as decay losses over the course of the irradiation time, which will not be negligible. 
Nevertheless, the present results illustrate that the production of commercial 
quantities of these radioisotopes is feasible using this target matrix, even in its 
present unoptimised form. 
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The Re adsorption kinetics data were modelled for ZrAX-1 at pH 5 using the 
pseudo-second-order rate equation, as performed in the previous two chapters 
(Figure 5.15). Visually, the fit of the model to the data was good. The model fit 
parameters are supplied in Table 5.6. The derived rate constant, k2, was marginally-
higher than than that measured for ZrCX-1 (Chapter 4), but still much lower than that 
of ZrHC-1 (Chapter 3). Adsorption onto ZrAX-1 only approached equilibrium in the 
range of 48–72 hours and at 24 hours, was ca. 96% of qe. 
 
 
 
Figure 5.14 Predominance diagram for W(VI)-OH
−
 species (50 °C and I = 3 
M). Lines indicate equal amounts of W(VI) in adjacent regions (Reproduced with 
permission from The Hydrolysis of Cations, Copyright © 1976 by John Wiley and 
Sons, Inc.) [235]. 
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Figure 5.15 Adsorption kinetics for ReO4
−
 adsorption onto ZrAX-1 at pH 5 with 
pseudo-second-order model fit. 
 
Table 5.6 Kinetic model fit parameters for ReO4
−
 adsorption onto ZrAX-1 at pH 5. 
Model qe (mg g
−1
) k2 (g mg
−1
h
−1
) R
2
 
Pseudo-second-order 0.204 2.42 0.999 
 
 
Temperature dependence measurements were made for ReO4
−
 adsorption 
onto ZrAX-1, as in Chapter 4 (Figure 5.16). Once again, it was found that Kd 
decreased with increasing temperature. The calculated values of ΔS
° 
(entropy), ΔH
°
 
(enthalpy) and ΔG
°
 (Gibbs free energy) are tabulated in Table 5.7. Negative values of 
ΔG
°
 and ΔH
°
 indicated a spontaneous and exothermic adsorption process. A negative 
ΔS
° 
value meant that the adsorption was accompanied by ordering at the solid-
solution interface. 
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Figure 5.16 Temperature dependence data for ReO4
−
 adsorption onto ZrAX-1 at pH 
5. 
 
Table 5.7 Thermodynamic parameters for ReO4
−
 adsorption onto ZrAX-1 at pH 5. 
ΔS
°
 (J K
−1
 mol
−1
) 
 
ΔH
°
 (kJ mol
−1
) 
 
Temperature (°C) ΔG
°
 (kJ mol
−1
) 
 −99.88 −52.60 22 −23.12 
  40 −21.32 
  60 −19.33 
 
 
Experiments were undertaken to investigate adsorption onto ZrAX-1 using 
STEM-EDS. The Re-loaded specimen is shown in Figure 5.17. As observed for 
ZrCX-1 in the previous chapter, dark nanometre-scale particles of the inorganic 
phase (ZrC) were observed suspended on a lighter-shaded carbonaceous matrix 
(Figure 5.17a). Elemental maps for Zr, C, O and Re are presented in Figure 5.17b-e. 
While C was present throughout the sample, Zr, O and Re were found to be largely  
associated with the inorganic particles, which is consistent with ReO4
−
 adsorption on 
the ZrC phase. The Re signals were relatively weak, posing minor contrast issues; 
nonetheless, overall Re was well-concentrated on the inorganic particles, compared 
to the carbonaceous phase. The O content associated with the particles can be 
attributed to ReO4
−
. Similar observations were made for the W-loaded specimen 
(Figure 5.18). The bright field image is given in Figure 5.18a and maps for Zr, C, O 
and W are given in Figure 5.18b-e. Once again, Zr, O and W coincided, suggesting 
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the adsorption of W oxoanions on ZrC particles. The W signals were also quite 
weak, but the densest W regions were located over the ZrC particles. The C map 
showed some inorganic particles to be low in C, suggesting the possible presence of 
ZrO2 as a secondary phase. 
 
 
Figure 5.17 STEM studies of Re-loaded ZrAX-1. (a) Bright field image; and 
corresponding STEM-EDS elemental maps (b–e) of Zr, O, C and Re distributions. 
 
 
Figure 5.18 STEM studies of W-loaded ZrAX-1. (a) Bright field image; and 
corresponding STEM-EDS elemental maps (b–e) of Zr, O, C and W distributions. 
 
With the data provided by the O maps, we are now in a position to comment 
on the O content of ZrAX-1 and its seeming phase purity with respect to ZrC. It can 
be concluded that O is not present in significant quantity within the carbonaceous 
phase, instead concentrated within the inorganic particles. The absence of diffraction 
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peaks attributable to ZrO2 polymorphs in the XRD data earlier, indicates that the O 
must be present in an amorphous form, or dissolved within the ZrCx lattice as an 
oxycarbide phase (ZrCxOy). A naïve calculation of the oxycarbide stoichiometry, 
based on the known Zr and O compositional data for ZrAX-1 and valence 
considerations, allows one to arrive at the empirical formula of ZrC0.58O0.83. 
However, while some O can be accommodated within the cubic ZrCx lattice 
(typically in C vacancies or substituting C), previous workers have found practical 
limits to the amount of O that can be dissolved. Réjasse and co-workers, for example, 
found in studies of carbon black-ZrO2 mixtures heated to 1850 °C, that the 
ZrC0.82O0.18 composition is close to the limit of solubility; for O content above this, 
ZrO2 is found as a secondary phase. In fact, attempting to synthesise ZrC0.60O0.40, 
they obtained ZrC0.74O0.26, with 19.85 wt% free ZrO2 [307]. Similarly, Gendre and 
co-workers obtained at 1750 °C, ZrC0.79O0.13 as a pure phase, but the nominal 
stoichiometry of ZrC0.70O0.30 yielded a ZrO2 impurity [308]. Comparing these O 
levels with the formula we calculated above, we find that only about a third of the O 
could be dissolved at most; therefore, the remainder must be present as a separate 
amorphous phase, probably ZrO2. Although the resistance of this ZrO2 material to 
crystallisation is quite remarkable, it is certainly not outside the realm of possibility. 
Another interesting point of discussion concerns the lattice parameters for 
oxycarbides. According to the data of Réjasse and co-workers, the cubic cell 
parameter exhibits an upward trend with increasing C-to-Zr ratio. Quite obviously, O 
decreases as C increases. The lattice parameter for ZrAX-1 (4.6895 Å) corresponds 
to a C-to-Zr ratio of ~0.93, instead of the value of 0.5 that would be inferred for a 
pure ZrCx material [307]. The expected formula of ZrC0.93O0.07 thus shows that the O 
content of the oxycarbide is fairly low and that amorphous ZrO2 is all the more 
likely. 
 
 Conclusions 5.4
 
Microsphere materials containing ZrC have been produced with an anion exchange 
strategy combined with high temperature carbothermal reduction. Zr was presented 
to the anion exchange resins as the trisoxalatozirconate(IV) anionic complex. The 
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lustrous black products possessed several similar structural properties to the cation 
exchange resin-derived materials in Chapter 4, including evolution of porosity, pore 
morphology, high surface areas (up to 448 m
2
 g
−1
) and high mechanical strength. 
Their syntheses were straightforward and only marginally less facile than those of 
their predecessors. 
Powder XRD data revealed that three of the microsphere materials contained 
mixtures of ZrO2 polymorphs and ZrC; while Rietveld analysis confirmed one 
material (ZrAX-1) only, based on a macroporous resin, contained a single crystalline 
phase, ZrC. Considerable amorphous content is inferred, due to the measured O 
content (7.6 wt%). An oxycarbide (ZrCxOy) in some form is also expected; 
ZrC0.93O0.07 is probably close to the actual formula. The Zr-loaded precursor of 
ZrAX-1 contained significantly higher Zr content than the others. Also, carbothermal 
reduction kinetics may have been influenced by pore morphology. The 
macroporosity of the ZrAX-1 precursor could have improved accessibility to O and 
consequently, aided in its removal. The carbonaceous phase was also shown to be 
sp
2
-hybridised polyaromatic carbon, as found in the previous chapters. 
Porosimetry measurements showed three of the microsphere products to have 
essentially bimodal pore distributions comprising micro- and mesopores. Contrasting 
this result, the macroporous resin-based material, ZrAX-1, exhibited a trimodal pore 
distribution made up of micro-, meso- and macropores. Imaging of internal pore 
structures employing SEM, corroborated these results. ZrAX-1 alone showed 
obvious porous texture, with large mesopores and small macropores directly 
observable. Internally, the other materials were largely featureless and this confirmed 
the absence of macroporosity. 
Since ZrAX-1 was the most promising of the series, further measurements 
were carried out to characterise this microsphere material, including investigations of 
its structural evolution as function of temperature. Trends similar to those in Chapter 
4 were observed. Formation of ZrC proceeds from a tZrO2 intermediate already 
crystallised at the lowest studied temperature of 850 °C. Temperature dependent 
changes in crystallinity, surface area, pore size distribution and in-plane carbon 
crystallite size, once again suggested that the appearance of additional porosity in the 
material was the result of reactive carbon removal. 
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ZrAX-1 showed affinity for oxospecies-forming elements such as U, Mo, W, 
Re, P, Se and As, as previously observed for ZrCX-1 in Chapter 4. Notably, the pH 
profiles for Mo, U, Cs and Sr were quite similar to those of the ZrC-containing PAN-
based counterparts in Chapter 3. Re and W adsorption were studied to evaluate 
potential application for the production of 
188
W/
188
Re and 
186
Re. The pH dependence 
data for Re and W showed wide-ranging and high relative extractions, with 
increasingly less efficient adsorption at high pH. Strong evidence for the 
participation of ZrC in the adsorption process was obtained from STEM-EDS 
analysis of Re- and W-loaded specimens. Concentration of Re and W on the ZrC 
particles was unambiguously demonstrated with seemingly little or no interaction of 
these elements with the carbon framework. Thermodynamic parameters were 
determined from temperature dependence adsorption data. Similar to the Zr2SC-
containing ZrCX-1 from Chapter 4, the adsorption of ReO4
−
 was shown to be a 
spontaneous and exothermic process. 
Adsorption kinetics for ZrAX-1 were successfully modeled. In practice, the 
kinetics were slow and equilibrium was only achieved in the range of 48–72 hours. 
The rate constant was intermediate between those of the PAN-based spheres 
(Chapter 3) and the microspheres based on cation exchange route (Chapter 4). 
However, the Re and W Langmuir adsorption capacities (qmax) were moderately high 
(11.06 and 49.54 mg g
−1
, respectively); the much higher adsorption capacity for W 
was likely a consequence of W cluster chemistry. This was an encouraging outcome 
for the suggested nuclear medicine application. Commercial quantities of 
188
W and 
186
Re could feasibly be produced using the ZrAX-1 matrix. Further optimisation of 
adsorption capacity and kinetics should also be possible.  
In light of the promising structural characteristics and adsorption properties, it 
would be appropriate to investigate the radiation stability of the materials. While the 
bulk phase variant is known to be radiation tolerant, the irradiation stability of 
nanoscale ZrC is not well understood The impact of gamma radiation on the glass-
like carbon framework and related properties such as mechanical stability, would 
also be a pertinent area of investigation. 
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CONCLUSIONS AND RECOMMENDATIONS 
 
We have reported the syntheses of novel composite sphere materials, consisting of 
carbide phase particles (ZrC and Zr2SC), embedded within granular, porous carbon 
structures. These carbide phases have good prospects for nuclear-based applications, 
where radiation tolerance and low neutron absorption cross section are important. 
Moreover, their granular porous morphologies are well-suited to column-based 
processing. For instance, the sphere materials could be potential candidates as 
sorbents or irradiation hosts for the transmutation of long-lived radionuclides arising 
from nuclear power generation, or in the production of nuclear medicines. The 
illustrated applications of the various materials included: 
99
Mo production (Chapter 
3); transmutation of 
99
Tc (Chapter 4); and production of 
188
W/
188
Re and 
186
Re 
(Chapter 5). The inherent and reversible adsorption properties of the sphere matrices 
suggest the possibility of their recycling and as a consequence, production of less 
solid waste. Non-nuclear applications where accessible porosity and high surface 
areas are highly desirable (such as catalysis), are also conceivable end uses for these 
new materials. Although the present work has focussed on Zr-based systems, the 
synthetic strategies detailed in this thesis could be extended to many other metal 
carbides, leading to creation of a larger family of carbide-carbon composites. 
It was found that for the the PAN materials (Chapter 3) and microspheres 
based on anion exchange resins (Chapter 5) that the carbide phases formed ranged 
from near phase pure ZrC, to mixtures of ZrC and ZrO2 polymorphs. Contrasting 
this, the cation exchange resin-based materials (Chapter 4), owing to their high S 
content, yielded the Zr2SC phase. 
The physical properties of the carbon structures of the PAN-based materials 
of Chapter 3, were fundamentally different from those of the ion exchange resin-
based materials of Chapters 4 and 5. The former were soft carbons and readily 
broken with agitation, while the latter were hard carbons, brittle and highly resistant 
to breaking. Although the two sets both contained sp
2
-hybridised aromatic carbon, 
the differences in mechanical strength implied differences in microstructure, such as 
connectivity between carbon crystallites.  
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Additionally, the pore size distributions of the carbon frameworks were 
markedly different. Multi-modal or hierarchical porosity was measured in most of 
the materials, however, the PAN-based sphere material, ZrHC-1, possessed large 
radial macropores and the fastest adsorption kinetics, which can be attributed to this 
former characteristic. In contrast, the ion exchange resins-derived materials exhibited 
poorer kinetics and this would appear to be a result of the presence of only small 
macropores, limiting intraparticle diffusion. A possible area for future research could 
be to engineer PS-DVB ion exchange resins with large radial macropores; a similar 
gelation procedure to that applied to the PAN spheres could be attempted. 
Alternatively, PAN spheres could serve as templates for the preparation of PAN-PS-
DVB composites by an infiltration procedure. In such a way, hybrid frameworks 
with pore morphologies conducive to fast adsorption kinetics might be created. 
Suitably functionalised, the polymer composites could be ion exchanged with Zr and 
carbothermally treated by the same facile methods outlined in this thesis. How these 
materials would behave in terms of compressive mechanical strength is at this point 
entirely unknown, but a relevant question nonetheless.  
In Chapters 4 and 5, the temperature dependent evolutions of microsphere 
materials ZrCX-1 and ZrAX-1, respectively, were studied; both of which were 
previously found to develop high surface areas upon carbothermal treatment. 
Parameters such as crystallinity, surface area and carbon in-plane crystallite size 
were measured. The observed changes were found to be consistent with the in-
growth of micro- and mesoporosity in the carbon phases as a result of reactive 
carbon removal. 
One of the highlights of the research was discovery of never-before-seen 
liquid phase adsorption properties of carbide phases. Previous studies have only 
reported gas-solid interactions of ZrC and other carbides. Investigations of 
adsorption selectivity for the different sphere materials found examples of anionic, 
neutral and cationic oxospecies being adsorbed, and non-oxocations at high pH. 
Specimens loaded with Re and W were analysed using STEM-EDS in Chapters 4 
and 5. It was convincingly shown that the Zr2SC and ZrC carbide phases accumulate 
these oxoanions, with very little interaction between the adsorbates and the 
associated carbonaceous phases. Thus, it can be stated with some certainty that these 
carbide phases possess genuine liquid phase adsorption properties. In these same 
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chapters, the thermodynamic parameters associated with ReO4
−
 adsorption were 
quantified. These measurements showed that the adsorption processes relating to 
both of these phases were spontaneous and exothermic. Adsorption capacities were 
moderate, but could be enhanced by leveraging cluster chemistry. This was 
demonstrated to be the case with W adsorption in Chapter 5; presumably, Mo 
(Chapter 3) would behave similarly. Reuse was also shown to be viable for the 
systems in Chapters 3 and 4. 
Given the overall trends in adsorbate selectivity towards oxospecies, an 
electrostatic adsorption mechanism was proposed, specifically, interaction between 
strongly electron-withdrawing oxygen bound to the adsorbate and regions of positive 
charge on the carbide surface. It is conceded that not all will necessarily be 
convinced by this hypothesis. Although the observed correlations were striking, the 
adsorption selectivity data were not comprehensive and further studies are needed to 
exhaustively test this conjecture. These studies should comprise several parts. First, it 
would be appropriate to undertake a full investigation of the selectivities of phase 
pure specimens of ZrC and Zr2SC, using a wide variety of solution-phase adsorbates, 
including cations, anions and neutrals. For example, one might anticipate adsorption 
of VO
+
 on ZrC at low pH, but not Co
2+
; or similarly, adsorption of SO4
2−
, but not 
Cl
−
. Second, atomistic simulations may provide insights into the surface-adsorbate 
interactions. Third, surface analysis of well-prepared single crystal specimens loaded 
with adsorbates, could provide a direct empirical test of the efficacy of this 
modelling. Preferential adsorption on specific crystallographic planes is possible.  
One shortcoming of the present materials revealed by the research was the 
reduced thermal stabilities of the very finely-divided carbide phases compared to 
their bulk phase counterparts. Oxidation of, or dissolution of oxygen within, the 
carbide lattices was shown to occur at relatively low temperatures in all of the 
systems studied. This may have implications for end uses wherein heat generation is 
expected (such as nuclear fission, alpha decay, beta decay, etc). The heat load will 
depend on factors such as the target radionuclides, the transmutation products, 
neutron absorption cross sections, the total neutron flux and the neutron energy 
distribution. The thermal conductivities of the sphere materials should interplay with 
the heat loadings and these will determine the maximum temperatures experienced 
by the matrices. This, however, is a problem of some complexity which might only 
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be satisfactorily addressed by direct empirical measurements. Irradiation of the 
spheres under an inert atmosphere may help to lessen oxidation effects. Oxygen 
though, is often present in the adsorbate species and this may present an additional 
mechanism for reaction with the carbide phases and especially so, at temperature. At 
a minimum, it can be concluded with certainty that the present materials will not 
likely to be suitable for some in-core uses, wherein high temperatures may be 
reasonably expected. However, out-of-core neutron irradiation may be feasible, the 
abovementioned caveats notwithstanding. 
It will also be important to establish the radiation stabilities of the materials. 
The Zr2SC phase, for example, has not been investigated in this respect. Moreover, 
the highly-divided nature of the carbide phases may conceivably result in deviation 
of radiation stabilities from those of the bulk phase versions. The relevant radiation 
types for study will strongly depend upon the desired applications. For MA 
transmutation, future work should address the effects of fast neutron fluxes, 
simulating reactor-based irradiation; alpha radiation, from the MAs themselves; and 
beta and gamma radiations, from FPs. For transmutation of FPs or production of 
nuclear medicines by neutron activation, neutron, beta and gamma irradiation 
experiments will be more relevant. Although the results contained within this thesis 
indicate that the carbonaceous phases were not participants in the adsorption 
processes, understanding of their radiation tolerances may also be important because 
properties such as porosity and mechanical strength could be impacted by radiation 
damage. 
As this research has shown, transition metal carbide surface chemistry is both 
fascinating and poorly-understood. Future work in this area holds much promise. 
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